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Abstract 120 
Automatic milking systems (AMS) have revolutionised dairy farming around the world. 121 
Whilst robots control the milking process, there have also been numerous changes to 122 
how the whole farm system is managed. Milking is no longer performed in defined 123 
sessions; rather, the cow can now choose when to be milked in AMS, allowing milking 124 
to be distributed throughout a 24 h period. Achieving a consistent level of robot 125 
utilisation (RU) throughout 24 h is key to maximising AMS efficiency. Despite this, 126 
there has been little attention given to RU throughout 24 h in the research space. The 127 
aim of this thesis is to provide the fundamental knowledge of cow feeding behaviour 128 
in response to changes in feeding management (quantity and quality) and apply this 129 
knowledge to improve RU in pasture-based AMS through the formulation of novel 130 
feeding strategies. The literature review (Chapter 2) explored the different feed, animal 131 
and management factors that could influence RU in both indoor and pasture-based 132 
AMS. A study of commercial pasture-based AMS (Chapter 3) uncovered the extent of 133 
RU variability on Australian farms. Further investigation of a high performing pasture-134 
based AMS farm (Chapter 4) found cows with a high milking frequency (MF) visited 135 
the milking robots more often at night (77% of nights) compared to medium and low 136 
MF cows (57 and 50%, respectively). High MF cows also concentrated their milking 137 
events to coincide with new pasture allocations, whereas medium and low MF cows 138 
milked 2 and 4 h later, respectively. Additionally, this study highlighted the unique 139 
pasture management employed on this high performing farm, whereby the farmer 140 
varied the temporal allocation of herbage quantity to encourage cow traffic. From this 141 
a component trial (Chapter 5) determined the feeding patterns of cows in the absence 142 
of diurnal feed variation, whilst also determining if there were any negative impacts on 143 
cow welfare. Using the information from the first component trial, a second component 144 
 viii 
 
trial (Chapter 6) tested the effect of varying feed quantity and quality on cow feeding 145 
behaviour. This study found that feed quantity was the most effective way to 146 
manipulate feeding behaviour. The final study (Chapter 7) tested three different 147 
methods of feed allocation on the pasture-based AMS farm. This study highlighted the 148 
ability to manipulate RU by varying the quantity of herbage offered throughout 24 h. 149 
This thesis provides a comprehensive analysis of cow feeding patterns and how this 150 
knowledge can be used to manipulate RU, providing a framework for future research 151 
to develop methods to improve feeding management in pasture-based AMS. 152 
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1.1 Introduction 463 
Automatic milking systems (AMS) represent a relatively new development in the 464 
Australian dairy industry, with the first Australian AMS installed in 2001 (Greenall et 465 
al., 2004). Dairy farming in Australia has faced many challenges, both past and 466 
present, and AMS represents a new opportunity to address some of those challenges. 467 
AMS has the potential to reduce the need for labour, improve conditions for farm staff 468 
and improve animal welfare. However, there are many challenges that need to be 469 
addressed when incorporating AMS with grazed herbage, and for this reason, the 470 
uptake of AMS has been relatively slow as the industry continues to learn from the 471 
early adopters. Adoption is now increasing, and although still a small segment of the 472 
Australian dairy industry with only 40 farms nationwide, AMS provides a glimpse into 473 
the future of dairy farming. 474 
1.11 Overview of Australian dairy industry 475 
The dairy industry is Australian’s third largest agricultural industry, valued at $3.7 476 
billion (Dairy Australia, 2017). This value is generated from 1.5 million cows, producing 477 
9 billion litres of milk annually, milked across 5,789 farms. The dairy industry provides 478 
direct employment for 24,500 people, with a further 17,600 employed in dairy product 479 
manufacturing. The majority of farms are located in Victoria (67%), followed by New 480 
South Wales (11%), Tasmania (8%), Queensland (7%), South Australia (4%) and 481 
Western Australia (3%), respectively. Annual milk production has remained relatively 482 
steady during the past decade, despite the number of dairy farms decreasing over the 483 
same period. In order to take advantage of increased economy of scale and with the 484 
national herd size remaining relatively constant, the average herd size has increased 485 
from 85 cows in 1980 to 261 cows in 2017 (Dairy Australia, 2017).   486 
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1.12 Product markets 487 
Export markets are an important avenue for Australian dairy products and world 488 
market prices have a large impact on the income Australian farmers receive for their 489 
milk. Thirty-seven percent of all milk produced was destined for the international 490 
market in 2017.  International sales of milk powder, butter and cheese contributed $3 491 
billion to the Australian economy, whilst representing 8% of global trade in 2017 (Dairy 492 
Australia, 2017). The main destination for these products is South East Asia, 493 
accounting for 80% of Australian dairy exports, and due to the growing affluence per 494 
capita income of citizens within this region, is an important export market for Australian 495 
dairy trade. With an open market, manufactured dairy products consumed 496 
domestically are still subject international pricing in order to remain competitive against 497 
imported counterparts. This is reflected in the price farmers receive for the milk they 498 
produce, particularly in Victoria, Tasmania, and to an extent South Australia, where 499 
most of the milk produced is manufactured into a range of dairy products. In contrast, 500 
100% of milk produced in Queensland is consumed domestically as fresh milk. This 501 
creates a wide range in the price farmers receive for their milk, ranging from 37.1 cents 502 
per litre in South Australia through to 60 cents per litre in Queensland (Dairy Australia, 503 
2017). This disparity is also reflected in the cost of production and the types of 504 
production systems prevailing in each state, with 1 kg of milk solids (fat and protein) 505 
costing $6.13 to produce in Queensland, compared to $4.15 in Victoria, due to feed 506 
generally costing more in Queensland. 507 
1.13 Feeding systems 508 
A range of farming systems are used throughout Australia and can be categorised into 509 
five distinct feeding systems (Little, 2010). Feeding systems 1 and 2 are similar, both 510 
feeding grazed herbage and fodder and either supplemented with <1 t or >1 t of grain 511 
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or concentrate per cow per lactation and represents 30% and 50% of Australian farms, 512 
respectively. System 3 accounts for a further 11% of farms and introduces partial 513 
mixed ration (PMR) to the diet, offered on a feed pad, alongside grazed herbage for 514 
most or all the year. Approximately 5% of farms use system 4, which is similar to 515 
system 3 except that herbage is grazed for less than 9 months of the year. In system 516 
5 cows are “housed” indoors and offered a total mixed ration (TMR), representing 517 
approximately 2% of farms. 518 
 519 
Figure 1 Distribution of feeding systems (1 , 2 , 3 , 4 , 5 , Other ) by state, 520 
derived from Little (2010) 521 
The prevalence of each feeding system varies throughout Australia (Figure 1), based 522 
on the economic, geographic and climatic conditions of each region (Rawnsley et al., 523 
2013). Two out of three farms in Queensland and New South Wales use system 1 or 524 
2. In South Australia, Western Australia and Victoria that figure increases to four of 525 
five; whilst in Tasmania, nine out of ten farms use feeding systems 1 or 2. The 526 
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dominance of systems 1 and 2 is due to grazed herbage being the cheapest source 527 
of feed available. The ability to utilise home-grown feed allows Australia to remain 528 
competitive in the global milk market, as cost of production is relatively low compared 529 
to most other countries (Dillon et al., 2005). Grazing systems continue to evolve as 530 
cost of production and competition for natural resources increases. Research has 531 
shown the potential to grow 42 t DM per ha per year using maize (Zea mays L.), forage 532 
rape (Brassica napus L.) and Persian clover (Trifolium repesinatum L.), compared to 533 
17 t DM per ha per year using kikuyu (Pennisetum clandestinum Hoach ex Chiov.) 534 
over-sown with ryegrass (Lolium multiforum L.), whilst keeping nitrogen and water 535 
inputs similar between forage systems (Garcia et al., 2008). This ability to utilise large 536 
quantities of home-grown feed translates into highly profitable businesses, with 537 
pasture utilisation directly linked to farm profits (Romera and Doole, 2015) and allows 538 
Australia to be a world leader in global dairy exports. 539 
1.14 Labour challenges associated with the dairy industry 540 
There are many challenges that face the dairy industry, with labour being one of the 541 
more pertinent issues identified by industry, as affordable and reliable labour has 542 
become more difficult to procure (Nettle and Oliver, 2009). In the 5 years prior to the 543 
report by Nettle and Oliver (2009), 59% of dairy farms in Australia had job vacancies 544 
within their business and half had difficulty filling vacancies. Associated with the 545 
difficulty of finding labour, staff retention is also a major issue within the dairy industry, 546 
with poor working conditions, career development and lucrative alternatives, such as 547 
the mining industry, cited as leading to a high staff turnover rate (Nettle et al., 2011). 548 
A major component of work on dairy farms is the milking process itself, which accounts 549 
for one-third of a farmer’s working day (Clarke, 2018) and consigns much of the 550 
working day to performing strenuous and repetitive tasks. As the timing of milking 551 
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sessions is typically fixed, with one session generally scheduled early in the morning 552 
and one late in the afternoon, seven days per week, there is minimal flexibility in 553 
working hours and limited opportunity for time off. To solve this issue, human resource 554 
development has become a key focus area for the dairy industry moving forward 555 
program (Dairy Australia, 2016). Automation of tasks on dairy farms, especially 556 
milking, is one potential solution addressing labour issues in the industry. 557 
1.15 Introducing automatic milking systems 558 
In AMS, milking is performed automatically, with robots removing the need for hands-559 
on human involvement in the milking process. This requires the robot to perform all 560 
milking related tasks including animal identification, teat preparation, cup attachment, 561 
milk quality monitoring and post milking sanitation (de Koning, 2011). Additionally, the 562 
robot must utilise a range of sensors to monitor and identify health anomalies and take 563 
the appropriate action, such as separation of contaminated milk and if necessary 564 
automatically draft an affected animal out of the herd for farmer intervention.  565 
There are three important differences between pasture-based AMS and conventional 566 
milking systems (Kerrisk, 2010). First, the system relies on voluntary cow traffic, with 567 
cows free to move around the system. The aim of voluntary traffic is for cows to move 568 
between allocations of pasture and the dairy without the need for manual intervention 569 
by the farmer. Second, milking is possible throughout 24 h, rather than being 570 
performed only at defined times. This creates the possibility to increase cow milking 571 
frequency (MF). Stockdale (2006) has shown that an increase from 2 to 3 milkings per 572 
cow per day, can improve a cow’s daily milk yield by 3.5-3.8 kg MS regardless of 573 
existing milk yield. The caveat however, is that increased MF is not guaranteed and is 574 
reliant on establishing consistent voluntary cow traffic. Third, AMS operates an 575 
incentive-based system to encourage voluntary cow traffic. Currently, feed is used as 576 
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the incentive that encourages cows to traffic through the system (Prescott et al., 1998). 577 
This requires accurate allocation of feed in order to optimise cow trafficking throughout 578 
24 h. 579 
The majority of AMS farms use what are commonly referred to as “box robots”, 580 
whereby cows enter an individual stall, and a single robotic arm performs all milking 581 
related tasks. A variation of this system is the “multi-box” robot, which has a single arm 582 
capable of moving between multiple boxes. These box systems are generally used to 583 
milk 60 cows per robot, with multiple robots being used to milk larger herds (de Koning, 584 
2011). More recently, developments for larger farms milking more than 500 cows has 585 
seen the invention of the automatic milking rotary (DeLaval AMR, Tumba, Sweden), 586 
with 24 bails and 5 robotic arms. In comparison to the 6-10 milkings per hour 587 
throughput of box robots, the AMR is capable of up to 90 milkings per hour, making 588 
AMS technology feasible for Australia’s larger average herd size (Future Dairy, 2012). 589 
This throughput has been further improved to between 120-400 cows per hour with 590 
the DairyProQ (GEA, Dusseldorf, Germany) robotic rotary, containing 28-80 bails, 591 
each with their own robotic arm. 592 
1.16 Why farmers choose automatic milking systems 593 
Automatic milking systems provide an alternative for farmers facing challenges with 594 
labour, removing the repetitive and labour-intensive task of milking and thereby 595 
allowing farmers to redistribute their time to other tasks. Dutch farmers realised a 596 
labour saving of 20% after transitioning from a conventional milking system to AMS 597 
(Mathijs, 2004). This is reflected in the decision-making process of Europe dairy 598 
farmers who considered adopting AMS, with the improved lifestyle that robots provide 599 
being more important than outright profitability (Jensen, 2004, Kerrisk and Ravenhill, 600 
2010). Improvements to working hours have also been observed in pasture-based 601 
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AMS, with an audit of 5 AMS farms in Australia finding the typical work day began at 602 
0740 h and generally ended at 1720 h (Molfino et al., 2014). However, the initial 603 
commissioning of a pasture-based AMS has often been difficult for farmers and getting 604 
the system running smoothly has taken up to 12 months in most cases (Kerrisk and 605 
Ravenhill, 2010). Achieving consistent RU throughout 24 h is important to the efficient 606 
running of an AMS. The aim of this thesis is to provide a thorough understanding of 607 
cow feeding behaviour in response to changes in feeding management (quantity and 608 
quality) and apply this knowledge to improve RU in pasture-based AMS through the 609 
formulation of novel feeding strategies. 610 
 611 
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2.1 Overview of Chapter 2 683 
The increase in prevalence of automatic milking systems requires continual reflection 684 
and development of scientific knowledge. Robot utilisation is an area of automatic 685 
milking systems where improvement is likely to realise significant gains for farmers, 686 
yet robot utilisation has had minimal attention in the scientific literature. The literature 687 
review in Chapter 2 draws together the current knowledge of robot utilisation and 688 
suggests a number of areas for research to focus on. 689 
Minor changes have been made to this chapter to correct some mistakes found in the 690 
published text. 691 
 692 
 693 
 694 
 695 
 696 
 697 
 698 
 699 
 700 
 701 
 702 
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2.2 Abstract 703 
Automatic milking systems (AMS), one of the earliest precision livestock farming (PLF) 704 
developments, have revolutionised dairy farming around the world. Whilst robots 705 
control the milking process, there have also been numerous changes to how the whole 706 
farm system is managed. Milking is no longer performed in defined sessions; rather, 707 
the cow can now choose when to be milked in AMS, allowing milking to be distributed 708 
throughout a 24 h period. Despite this ability, there has been little attention given to 709 
milking robot utilization across 24 h. In order to formulate relevant research questions 710 
and improve farm AMS management there is a need to determine the current 711 
knowledge gaps regarding the distribution of robot utilization. Feed, animal and 712 
management factors and their interplay on levels of milking robot utilization across 24 713 
h for both indoor and pasture-based systems are here reviewed. The impact of the 714 
timing, type and quantity of feed offered and their interaction with the distance of feed 715 
from the parlour, herd social dynamics, climate and various other management factors 716 
on robot utilization through 24 h are provided.  This review identifies both the 717 
opportunities and challenges that exist for farm management to use the factors listed 718 
above to improve system efficiency through further research. 719 
 720 
 721 
 722 
 723 
2.3 Keywords 724 
Automatic milking system, feeding behaviour 725 
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2.4 Introduction 726 
Robotic milking systems have revolutionised the dairy industry. The first dairy cow was 727 
milked, more or less without traditional human involvement, in 1986 with a robotic 728 
milking box at the experimental farm de Waiboerhoeve, Lelystad, the Netherlands by 729 
Gascoigne Melotte, following the US Patent 4010714 A (Notsuki and Ueno, 1977). A 730 
system from the company Prolion was installed on the experimental farm IMAG-DLO 731 
Duiven, the Netherlands, in 1990 and on a commercial dairy in 1992. More institutes 732 
and companies became active in the development of robotic milking systems in the 733 
1990s as described by Kuipers and Rossing (1996). Since that time until 2011, 734 
automatic milking systems (AMS) have been installed on over 10 000 farms worldwide 735 
(de Koning, 2011). These installations are predominantly for ‘indoor’ systems where 736 
cows are generally ‘housed’ in barns and offered a partial mixed ration (PMR) in the 737 
feeding alley and grain-based concentrate supplement either in the milking unit or in 738 
a nearby concentrate self-feeder. Whilst there have been numerous AMS installations 739 
in indoor dairy systems, there is an increasing interest regarding the integration of 740 
AMS into pasture-based dairy systems. Ketelaar-de Lauwere (1999) pioneered the 741 
concept of pasture-based AMS as a hybrid ‘housed grazing’ system in The 742 
Netherlands, followed by entirely pasture-based AMS in Australia (Greenall et al., 743 
2004), New Zealand (Woolford et al., 2004), and more recently partial grazing in 744 
America (Utsumi, 2011) and Ireland (O'Brien, 2012). This interest and global spread 745 
in pasture-based AMS is likely to accelerate given the ability to follow established 746 
grazing management principles as developed in conventional systems and achieve 747 
high levels of pasture utilization (Clark et al., 2015). However, grazing systems add 748 
another factor, and element of complexity, to consider when targeting optimised robot 749 
utilization. 750 
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Irrespective of geographic location or feeding regime (PMR or pasture), a milking robot 751 
represents a large capital investment for farmers and utilising this investment across 752 
the full 24 h period in a day is a requirement to achieve an acceptable return on asset 753 
(Wade et al., 2004; Jago et al., 2006). As time is required for the system to wash, 754 
coupled with milking failures, periods of non-attendance and technical maintenance, 755 
levels of achievable robot utilization of between 20 and 22 h/day are deemed the 756 
sustainable maximum (Halachmi, 2004; Lyons et al., 2014). Such high levels of 757 
utilization can be achieved by milking more cows/robot, at the expense of reduced 758 
herd milking frequency (Woolford et al., 2004); or if milking frequency is maintained, 759 
increased waiting time in the pre-milking yard (Halachmi, 2009) and associated 760 
reduction in animal health and production due to extended time, away from feed, and 761 
increased milking interval. A comprehensive review of milking frequency management 762 
conducted by Lyons et al. (2014), provides a good understanding of different factors 763 
such as age and experience of the cow, environmental conditions and management 764 
strategies that impact the static mean daily milking frequency, however, the dynamic 765 
nature of milking robot utilization across a 24 h period, which is of equal importance to 766 
the overall performance of any AMS, is still poorly understood. Irrespective of milking 767 
frequency targets that may differ with feeding system (Lyons et al., 2014), achieving 768 
high milking robot utilization by having cows present to the milking robot across 24 h 769 
with minimal waiting time is ideal for all AMS farmers.  770 
This review draws together current knowledge on indoor and pasture-based robot 771 
utilization across 24 h, with a specific focus on the factors that impact utilization levels. 772 
It is the intent of this novel review to explore both the opportunities that exist for 773 
improved system efficiencies on-farm and those that exist for further research. 774 
 775 
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2.5 Material and methods 776 
A thorough review of the published literature found 15 data sets across 13 studies 777 
(Table 1) that provided robot utilization over 24 h. Results from the literature were 778 
categorized according to predominant feeding system (indoor or pasture-based AMS). 779 
Indoor AMS studies (n=8) predominantly featured an indoor barn or open shed type 780 
layout and PMR as the cow’s primary feed source, with some studies including a 781 
period of access to pasture during the day. Pasture-based AMS studies (n=7) offered 782 
cows grazed herbage as the cow’s primary feed source. Levels of milking robot 783 
utilization for each study were converted to a ‘proportion of total milkings/h’ to allow 784 
the presentation of results on a common scale (Figures 1 and 2). In this way, achieving 785 
4.2% of milkings/h (100%/24 h) would represent an entirely uniform and distributed 786 
milking pattern. 787 
The number of cows across the studies ranged from 10 to 207, with a mean of 83.9 ± 788 
63.0 (± SD). The large disparity in herd size, environment and management between 789 
studies needs to be taken into consideration when interpreting the findings. For this 790 
reason, possible tendencies as well as significant differences were considered.  791 
2.51 Statistical Analysis 792 
The distribution of milking robot utilization/h was determined to be normal from visual 793 
analysis of normal probability plots. Repeated measures ANOVA function in Genstat 794 
16th Edition was used to determine the impact of feeding system (S) (‘indoor’ and 795 
‘pasture-based’), cows/robot (R) (‘high’ ≥50 cows/robot and ‘low’ <50 cows/robot) and 796 
time of day (T) (0100 h, 0200 h… 2400 h) factors on milking robot utilization using the 797 
following model: 798 
𝑌𝑖𝑗𝑘 = 𝑇𝑖 +  𝑇𝑆𝑖𝑗 +  𝑇𝑅𝑗𝑘 +  𝜀𝑖𝑗𝑘799 
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Table 1 Summary of manuscripts reporting 24 h robot utilization for indoor and pasture-based farm systems 
Reference Country Farm System Feed Type Robots Animals Breed Cows Study Duration (days) 
Belle et al. (2012) The Netherlands Indoors PMR 2 84 HF 42 365 
Halachmi et al. (2000) The Netherlands Indoors PMR 1 10 HF 10 18 
Halachmi et al. (2001) The Netherlands Indoors PMR 1 10-29 HF 10-29 21 
Halachmi (2004) Period A Israel Indoors PMR 1 60 NS 60 15 control period 
Halachmi (2004) Period B Israel Indoors PMR 1 60 NS 60 15 experimental period 
Stefanowska et al. (1999) The Netherlands Indoors PMR 2 in 1 24 HF 12 4 
Wagner-Storch and Palmer 
(2003) 
USA Indoors - 1 30-43 NS 30-43 270 
Winnicki et al. (2010) Poland Indoors PMR 1 59 NS 59 30 and 27 
Davis et al. (2005) New Zealand Pasture 2WG 1 75 J, F & JF 75 30 
John et al. (2013) Farm A Australia Pasture 3WG 3 207 JF 69 60 
John et al. (2013) Farm B Australia Pasture 3WG 3 166 JF 55 60 
Lyons et al. (2013b) Australia Pasture 3WG 2 145 H & I 73 18 
Scott et al. (2015) Australia Pasture 2WG AMR 175 H & I N/A 35 
Van Dooren et al. (2004) The Netherlands Pasture PMR + G 2 in 1 60 NS 30 15-31 
Woolford et al. (2004) New Zealand Pasture 2WG 1 38 NS 38 240 
PMR = Partial Mixed Ration; 2WG = Two-Way Grazing; 3WG = Three-Way Grazing; G = Grazing; 2 in 1 = two boxes with one robotic arm; AMR = 
Automatic Milking Rotary; HF = Holstein Friesian; J = Jersey; JF = Jersey Friesian Cross; H = Holstein; I = Illawarra; NS = Not Specified 
800 
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where Y is the dependent variable (proportion of total milkings/h) and 𝜀𝑖𝑗𝑘  is the 801 
random error. Due to the source data requiring transformation to proportion of total 802 
milkings/h allowing for comparison between studies, the main factors ‘feeding system’ 803 
and ‘cows/robot’ were unable to be statistically compared as individual main factors, 804 
as the categories within these factors all shared the same mean of 4.2% milkings/h. 805 
Mean hourly robot utilization and standard deviation were calculated for both feeding 806 
systems. The lack of replicates within regions (Australia, The Netherlands, New 807 
Zealand, USA, Israel and Poland) prevented region being a factor in the analysis.  808 
 809 
2.6 Results 810 
Across all studies, the distribution of milking robot utilization varied by time of day (P 811 
< 0.01). Levels of robot utilization through time for each individual farm are shown in 812 
Figures 1 (indoor farms) and 2 (pasture-based farms).  813 
There was no interaction (P = 0.43) between cows/robot and time of day on milking 814 
robot utilization through time. Likewise, the interaction between feeding system and 815 
time of day on robot utilization through time was not significant (P = 0.24), although 816 
both feeding systems tended to have reduced milking robot utilization in the early 817 
hours of the morning (0200 and 0600 h) with the reduction in number of milkings during 818 
the morning greater for pasture-based feeding systems (Figure 3) and 50% more 819 
variability in the proportion of milkings across time for pasture-based (SD = 0.9%) 820 
compared to indoor (SD = 0.6%) feeding systems. 821 
 822 
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823 
Figure 1 Proportion of milkings/h (% total) for dairy cattle in indoor automatic milking 824 
systems from Belle et al. (2012) ( ), Halachmi et al. (2000) ( ), Halachmi 825 
et al. (2001) ( ), Halachmi (2004) (period A ; period B ), 826 
Stefanowska et al. (1999) ( ), Wagner-Storch and Palmer (2003) ( ) and 827 
Winnicki et al. (2010) ( ) 828 
829 
Figure 2 Proportion of milkings/h (% total) for dairy cattle in pasture-based automatic 830 
milking systems taken from Davis et al. (2005) ( ), John et al. (2013) (farm A 831 
; farm B ), Lyons et al. (2005) ( ), Scott et al. (2015) ( ), 832 
van Dooren (2004) ( ), and Woolford et al. (2004) ( ) 833 
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834 
Figure 3 Mean proportion of dairy cattle milkings/h (% total) for pasture-based ( , 835 
SD = 0.9%, n = 7), and indoor ( , SD = 0.6%, n = 8), automatic milking systems 836 
 837 
2.7 Discussion 838 
The following discussion examines factors impacting robot utilization through time and 839 
has been divided into three main sections: feed, animal and management factors.  840 
Each of these factors are explored through the 15 data sets provided in the current 841 
analysis as well as drawing on information from 53 other studies relating to AMS. 842 
2.71 Feed factors 843 
Timing of allocation. Given the choice of consuming feed or being milked, cows will 844 
choose the option to consume feed (Prescott et al., 1998). As such, feed is the most 845 
important influence on voluntary cow traffic in both indoor and pasture-based AMS. 846 
Therefore, the timing, type and quantity of feed offered play vital roles in encouraging 847 
voluntary cow traffic in AMS. Pasture-based cows seek out and ingest feed (graze) 848 
during daylight hours predominantly around dawn and dusk, with night feeding activity 849 
only accounting for 10-15% of daily grazing time and intake (Stobbs, 1970; Krysl and 850 
Hess, 1993). These behaviours can be attributed to a multitude of factors, including 851 
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variation in diurnal feed quality, photoperiod and cow hormone levels (Gregorini, 852 
2012). Decreased milking robot utilization in pasture-based AMS during the period 853 
0200 to 0600 h (Figure 2) can be primarily attributed to the circadian eating behaviour 854 
of cows, with pasture-based cows exhibiting a more diurnal pattern compared to those 855 
offered a PMR (Jago et al., 2005).  856 
Diurnal feeding behaviour has also been observed in indoor dairy systems (DeVries 857 
et al., 2003).  Wagner-Storch and Palmer (2003) observed a large decline in both feed 858 
bunk activity and milking robot utilization in the early morning period of an indoor AMS, 859 
with the majority of feed bunk utilization between 0700 and 2000 h and robot utilization 860 
following a similar trend. Differences between indoor AMS voluntary traffic across time 861 
are likely related to feed bunk activity as per Halachmi et al. (2000) where feed bunk 862 
activity was evenly distributed throughout 24 h alongside milking robot utilization. This 863 
hypothesis is supported by DeVries et al. (2005) who found an increase in feeding 864 
activity and diurnal feeding pattern during the early morning when PMR was offered 865 
four times per day as compared to two times per day. However, the evenly distributed 866 
milking robot utilization achieved in the Halachmi et al. (2000) study was likely 867 
influenced by the 6 h (four feeding periods per day) concentrate feeding regime, along 868 
with the PMR offered in this system, whereby each animal could access a new 869 
allocation of concentrate in each of the four feeding periods. As cow feeding activity is 870 
the main motivator for voluntary cow traffic to and from the milking robots (Prescott et 871 
al., 1998; Kerrisk, 2010) and appears to be linked with milking robot utilization, ways 872 
to alter the number and timing of feed allocations, both forage and concentrate, to 873 
achieve an evenly distributed feeding pattern throughout 24 h is a clear opportunity for 874 
improving robot utilization for indoor AMS and for future research particularly on 875 
pasture-based AMS.  876 
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Reduced early morning milking frequency and milking robot utilization in pasture-877 
based AMS was the basis behind the work of Lyons et al. (2013b). This work aimed 878 
to modify the diurnal pattern by offering a third allocation of pasture, known as three-879 
way grazing (3WG), within a 24 h period, compared to offering two-way grazing. With 880 
3WG, milking robot utilization levels were increased throughout the day and remained 881 
consistent throughout 24 h. However, most pasture-based AMS farmers in Australia 882 
use 3WG and still report a decline in milking robot utilization at night in commercial 883 
systems (N. Lyons, personal communication). Dalley et al. (2001) offered fresh 884 
pasture between 0200 - 0600 h and found decreased grazing duration during daylight 885 
whilst maintaining total time spent grazing, highlighting the ability to manipulate when 886 
cows are actively eating without impacting intake. Also, Livshin et al. (1995) found that 887 
cows subjected to 4 and 6 h feeding periods were able to learn each routine and adapt 888 
the timing of their movement to, and from, the feed bunk to match the duration of the 889 
feeding period applied. Thus, voluntary attendance to the grain-based concentrate 890 
feeders was a result of the cows ‘learning’ the system, raising the possibility of 891 
controlling AMS cow traffic by modifying the frequency of feeding. The work of Belle 892 
et al. (2012) found early morning milking robot utilization was greater on farms using 893 
an automatic TMR feeder compared to conventional TMR feeding, with an automatic 894 
feeding event in the early morning possibly encouraging the cows to move to the feed 895 
bunk at this period of the morning. This may partially explain the earlier increase in 896 
milking robot utilization levels observed in the indoor AMS studies in Table 1, as cows 897 
may have increased motivation to move through the milking robot due to PMR being 898 
available and of consistent nutritive value. Thus, manipulating the diurnal feeding 899 
patterns of cows is one of the key areas that is both under the control of the farmer 900 
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and likely to have an impact on cow grazing behaviour and therefore warrants further 901 
investigation. 902 
Feeding system. From the compilation of literature presented as Figures 1 and 2, dairy 903 
cows tend to be more motivated to consistently visit the milking robot throughout 24 h 904 
in an indoor AMS, compared to pasture-based AMS. A possible explanation for these 905 
findings is the consistent nutritive value of a PMR compared to pasture as per Charlton 906 
et al. (2011a), who showed when given the choice, cows will prefer PMR versus 907 
pasture two out of three times, with an even larger difference found in the total time 908 
spent indoors (92%) as compared with pasture (8%).  In contrast, studies by Charlton 909 
et al. (2011b) and Motupalli et al. (2014) found a partial preference for cows to be at 910 
pasture versus indoors. Motupalli et al. (2014) hypothesised that the animal’s lack of 911 
exposure to pasture in the study by Charlton et al. (2011a) was the likely cause for 912 
their greater preference to be indoors compared to the other studies. Clark (2013) 913 
found the herbage intake of individual animals in pasture-based AMS varies in quality 914 
and quantity depending on when a cow enters the pasture allocation, as herbage has 915 
been shown to decrease in nutritive value as it is grazed over the duration of its 916 
allocation. These findings concur with those of Ketelaar-de Lauwere et al. (2000), who 917 
found an increased number of visits to the robotic milking unit as herbage mass (and 918 
presumably quality) decreased. The consistency of PMR quality compared to the 919 
inconsistent characteristics of grazed herbage, is a clear distinction between indoor 920 
and pasture-based systems and likely to be a key factor in the larger variability in robot 921 
utilization seen in pasture-based AMS farms throughout the day.  922 
Dairy cows are highly selective when presented with multiple forage options and this 923 
preference changes not only with forage species, but also across seasons, with water 924 
soluble carbohydrate (WSC) content of the forage the main driver of cow preference 925 
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(Horadagoda et al., 2009). Indoors, the replacement of roughage by soy hulls (greater 926 
NDF digestibility) had no impact on total dry matter intake or attendance rate to the 927 
milking robot (Halachmi et al., 2006), though an increase in milk production was 928 
observed due to an increased intake of digestible NDF (Halachmi et al., 2004). 929 
Likewise, the incorporation of grazed soybean (Glycine max) into the rotation of a 930 
pasture-based AMS has also been investigated (Clark et al., 2014b); however, there 931 
was no significant improvement in voluntary traffic or milk yield associated with grazing 932 
a soybean (WSC = 10.0% DM) and kikuyu (Pennisetum clandestinum Hoach ex 933 
Chiov.) sward (WSC = 8.5% DM) compared to a kikuyu sward alone. Despite the cow 934 
preference for forages with a greater content of WSC, it would appear that levels of 935 
WSC, or the type of forage offered, have limited impact on voluntary cow traffic 936 
particularly when forages are located away from the milking robot as per pasture-937 
based AMS. However, Raubenheimer and Simpson (2007) suggest, through their 938 
geometric framework approach to nutrition, that behavioural and physiological 939 
responses cannot be attributed to a single limiting component such as WSC, rather, 940 
animals have a dynamic intake target for different macronutrients based on their 941 
current physiological state. Therefore, the ratio of macronutrients, in this case protein 942 
and carbohydrates, may play a role in a cow’s willingness to seek out certain feeds 943 
and presents an opportunity to test feeds with different macronutrient ratios on 944 
voluntary cow traffic.  945 
Feed quantity. The amount of feed offered is more pertinent to pasture-based AMS 946 
compared to indoor AMS, as allocating the correct amount of pasture is crucial to 947 
achieving voluntary cow traffic (Kerrisk, 2009). These findings are reinforced by 948 
Ketelaar-de Lauwere et al. (2000) who showed the number of daily visits to the robotic 949 
milking unit to significantly increase from 4.4 to 7.3 visits/day from a high to low pre-950 
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grazing sward height, respectively. Dickeson (2010) investigated the impact of 951 
‘inaccurate’ pasture allocation in pasture-based AMS with two-way grazing, where the 952 
proportion of feed offered between the two daily allocations were 50%:50% for the 953 
‘accurate’ (or consistent) allocation and 75%:25% for the ‘inaccurate’ allocation, with 954 
the latter offered in combinations of 75%:25% and 25%:75% to achieve the same 955 
pasture allowance as 50%:50% over a 48 h period. The impact of short term 956 
inaccuracy in pasture allocation on 24 h robot utilization was not reported, however, 957 
no impact on milking frequency or milk yield was observed. The proportion of feed 958 
offered for the inaccurate treatment, though not consistently offered as 75%:25% or 959 
25%:75% inadvertently raises the concept of variable allocation, whereby the different 960 
quantities of feed are offered in each of the feed allocations throughout 24 h to 961 
manipulate voluntary traffic levels. The concept of variable pasture allocation has since 962 
been associated with increased levels of robot utilization at night on a commercial 963 
pasture-based AMS, offered as a consistent combination of 40%:40%:20% across the 964 
three daily allocations (farm A) (John et al., 2013). In the same study, a second farm 965 
(farm B) used one larger allocation of pasture between 1230 to 1930 h and two smaller 966 
allocations of pasture between 1930-0500 h and 0500-1230 h and achieved 967 
inconsistent levels of robot utilization. The smaller allocation on farm A, offered 968 
between 1730 and 0200 h, may have been depleted more rapidly with cows seeking 969 
fresh feed earlier compared to the 40% allocations, thus encouraging voluntary cow 970 
traffic in the early morning (John et al., 2013). The impact of strategically varying 971 
forage quantity across the three allocations to alter feeding behaviour in 3WG still 972 
remains to be thoroughly investigated. Whilst studies have investigated the impact of 973 
high and low concentrate allowances in the milking unit on milk yield and milking 974 
frequency (Halachmi et al., 2005; Bach et al., 2007), there is the potential to improve 975 
Chapter 2 • Literature Review 
Alex J John PhD Thesis • Page 26 
 
robot utilization through temporal variation in feed allowance. One practice may be to 976 
offer a larger proportion of feed during the night to encourage visitation to the milking 977 
robot at night. Conversely, offering less feed at night to deplete feed sooner may 978 
encourage cows to search for a new allocation of feed in the early morning hours, 979 
where they are subsequently milked. The effect of novel feeding practices should be 980 
explored as understanding the interaction between cow behaviour and the temporal 981 
variation in feed quantity and quality (both forage and concentrate) may offer 982 
performance gains for pasture-based and indoor AMS alike, as achieving a uniform 983 
herd level feeding pattern appears to be the key to achieving high levels of milking 984 
robot utilization throughout 24 h.  985 
2.72 Animal factors 986 
Temperature. Temperature can have a dramatic effect on cow activity, dry matter 987 
intake and milk production (West, 2003) and therefore on the voluntary traffic of cows. 988 
The suggested threshold at which Holstein-Friesian cows begin to suffer from heat 989 
stress occurs when the Temperature-humidity index (THI) is approximately 69 990 
(Bouraoui et al. 2002), and above this point measures should be put in place to reduce 991 
cow body temperature. One of the first attempts to combine AMS with grazing, located 992 
the robot in a temporary structure, with the cows observed returning to the structure 993 
for shade and water (Ketelaar-de Lauwere et al., 1999). Anecdotal evidence from 994 
pasture-based AMS farmers in Australia suggests a similar occurrence, with cows 995 
reportedly moving out of a paddock early in hot conditions in search of shade and 996 
water. In this regard, Australian AMS farmers in areas of high temperature commonly 997 
provide cows with shaded housing, often associated with a feed pad, for relief from 998 
the sun during the peak of summer. A significant reduction in the time cows spend at 999 
pasture was observed by Ketelaar-de Lauwere et al. (1999) as Black Globe Humidity 1000 
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Index (BGHI) increased in an indoor system offering cows 24 h access to pasture 1001 
during summer. Lessire et al. (2015) also observed this behavioural response, with 1002 
‘mild heat stress’ increasing milking frequency and milk yield in an indoor AMS offering 1003 
cows 24 h access to pasture during summer, as cows moved to, and remained in, the 1004 
barn during the hotter periods of the day; though the mean THI of the ‘mild heat stress’ 1005 
period was 70.5, only slightly above the aforementioned THI threshold. Whilst the 1006 
majority of indoor AMS farms are found in central and northern Europe where 1007 
temperatures are relatively cool, indoor AMS systems have been incorporated into 1008 
countries with hotter climates, such as Israel, and this encompasses a unique set of 1009 
challenges to achieve high levels of robot utilization (Halachmi, 2004). The study by 1010 
Halachmi (2004), where heat stress caused a decrease in robot utilization during the 1011 
hottest period of the day on one of the study farms, showed a combination of fan 1012 
cooling and strategic concentrate feeding was able to overcome the depression in 1013 
robot utilization between 1100 and 1200 h, when the hottest conditions occurred. This 1014 
solution may work well in an indoor environment, however there needs to be further 1015 
research into management strategies for pasture-based systems in hotter climates as 1016 
the same strategies for cow cooling may not be ideal and/or too costly. For instance, 1017 
providing cooling at the milking shed may cause cows to congregate in this area and 1018 
not return to the paddock, whilst providing cooling at pasture may not be possible. 1019 
Determining suitable management strategies to maintain acceptable milking robot 1020 
utilization and cow health during periods of hot weather in pasture-based systems will 1021 
provide farmers with more confidence to increase the uptake of AMS in combination 1022 
with grazing in hotter climates. 1023 
Herd dynamics. Social dominance and herd dynamics are important areas to consider 1024 
when evenly distributed milking robot utilization is desired.  Implementation of AMS 1025 
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has a significant impact on the social synchronization of dairy cows in regard to eating 1026 
and resting (Uetake et al., 1997), and also on when cows present for milking (Jago et 1027 
al., 2003). Cows have been observed to travel between indoor and outdoor locations 1028 
in groups of two or more animals and rarely spend time alone, whilst also acting in a 1029 
more synchronized fashion when outdoors compared to when they were indoors 1030 
(Ketelaar-de Lauwere et al., 1999). Jago et al. (2003) found low and middle social rank 1031 
cows milked more frequently between 2400 to 0600 h, as the milking robot was likely 1032 
more accessible during this period, due to the low level of attendance by high social 1033 
rank cows. This concurs with the findings of Ketelaar-de Lauwere et al. (1996) who 1034 
found low social rank cows visited the milking unit between 2400 and 0600 h, whereas, 1035 
high social ranked cows visited the milking unit more frequently between 1200 and 1036 
1800 h. Further, the simulation study by Halachmi (2009) showed low social rank cows 1037 
waited 69 min in the queue, compared with only 10 min for a middle social rank animal 1038 
and 4 min for a high social rank animal. Together, these findings suggest the 1039 
distribution of milkings throughout the day in an AMS herd is largely determined by the 1040 
social ranking of individual cows, with lower social rank cows visiting the robot during 1041 
the early morning hours due to reduced competition.  1042 
Within a given feeding period, Livshin et al. (1995) observed the feeding order of cows 1043 
in an indoor AMS to follow a predictable sequence rather than a random cycle of cows 1044 
feeding within each 4-6 h period. This raises the question of how social hierarchy 1045 
impacts access to both feed, and subsequently the robot, in both indoor and pasture-1046 
based AMS. Anecdotal evidence from Australian pasture-based AMS farmers 1047 
suggests an increase in visitations to the milking unit around gate change times, when 1048 
a new pasture allocation is due to become available as cows appear to learn the times 1049 
that new pasture allocations open and voluntarily traffic back to the dairy at these times 1050 
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in search of a fresh herbage. These cows may be motivated by the ability to access 1051 
greater nutritive value feed early in the pasture allocation period. Whether this 1052 
behaviour is also dominance driven or influenced by other factors is a subject for 1053 
further inquiry. Incorporating other cow breeds into the herd may provide another way 1054 
to increase voluntary cow traffic in AMS. Clark et al. (2014a) found Illawarra breed 1055 
cows (an Australian cow breed) to have 9% more gate passes compared to the 1056 
Holstein breed cows in a pasture-based AMS. This raises a number of questions such 1057 
as which breeds are better suited to AMS, the benefit of mixed-breed herds versus 1058 
single-breed herds and also whether there are social hierarchy interactions between 1059 
the two breeds which may stimulate voluntary cow flow and robot utilization. 1060 
2.73 Management factors 1061 
Herd Size. The total capacity of an AMS depends on the type and number of robots 1062 
the operator chooses to incorporate into their system. Generally, the capacity of a 1063 
single box robot is around 60 cows. Thus, herd size is usually increased in a modular 1064 
fashion to match the number of robots being added. For a large indoor herd of 500 1065 
cows, Harms and Wendl (2010) suggested a modular layout, comprising four groups 1066 
of 125 cows each, milked by two robots; with each group split based on individual cow 1067 
factors such as parity, stage of lactation, milk yield, body condition and social rank, in 1068 
order to maximize robot utilization efficiency. Smaller groups would minimize the time 1069 
spent waiting in the pre-milking area, especially for animals with low social ranking 1070 
within the herd, as they spend significantly longer waiting for access to the milking 1071 
robot (Melin et al., 2006; Halachmi, 2009). The waiting times for lower ranked cows 1072 
are likely to be exacerbated in large herd pasture-based AMS, as cows cannot be split 1073 
into small groups to mitigate the increased competition from having more cows in the 1074 
waiting yard. Further, cows exhibit synchronized behaviours at pasture, with up to 50% 1075 
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of a herd grazing at the same time (Sporndly et al., 2004).  The robotic milking 600+ 1076 
project (FutureDairy, Australia), which aims to test the feasibility of milking 600 cows 1077 
using an Automatic Milking Rotary (DeLaval, Tumba, Sweden) in a pasture-based 1078 
system, will likely provide a clearer understanding of milking large herds in a pasture-1079 
based AMS. However, with the current body of literature only covering herd sizes up 1080 
to 200 cows, the impact of integrating large herds with pasture-based AMS on robot 1081 
utilization remains to be seen.  1082 
Distance from feed to milking robot. When grazed herbage is incorporated into the 1083 
diet, walking distance becomes a factor in cow attendance to the robot. Walking 1084 
distance is particularly important as herd size increases, as the grazing area and thus 1085 
walking distance required for cows to access pasture also increases. Certainly, the 1086 
estimated distance cows are willing to traffic voluntarily in a pasture-based AMS has 1087 
increased over time. Initial investigations analysed cow traffic on European farms 1088 
during the summer grazing period (Wiktorsson and Sporndly, 2002; Sporndly and 1089 
Wredle, 2004). In these systems, distances of up to 260 m were found to have a slight 1090 
impact on milk yield and milking frequency, though, Motupalli et al. (2014) found 1091 
evidence contrary to this, with no decrease in milk yield for pasture-based cows up to 1092 
254 m from the dairy. Ketelaar-de Lauwere et al. (2000) and Dufrasne et al. (2012) 1093 
found no decrease in milking frequency for distances of up to 400 m and 450 m 1094 
respectively, when combining indoor AMS with grazing. The introduction of AMS into 1095 
year-round pasture-based systems saw distances of 700 m (Greenall et al., 2004) and 1096 
900 m (Woolford et al., 2004) being tested. In both instances, it was found that cows 1097 
would voluntarily walk these distances with milking frequencies of up to 2.5 1098 
milkings/day (Greenall et al., 2004; Woolford et al., 2004), though distances from 500 1099 
to 1000 m have been reported to increase the duration between cows returning for 1100 
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milking (or milking interval) (Lyons et al., 2013a). Whilst these studies have focussed 1101 
on the impact of distance to pasture on milking frequency, the interactions between 1102 
time of day, location of the robot relative to shade and distance to pasture on milking 1103 
robot utilization are yet to be investigated. In this regard, the hypothesis of allocating 1104 
paddocks closer to the milking robots at night to encourage cows to return to the dairy 1105 
during these times of low activity is yet to be investigated and would appear to be a 1106 
logical change in management to improve robot utilization during this time.  1107 
Number of cows per milking robot. The evenly distributed milking robot utilization 1108 
achieved in the experiment by Halachmi et al. (2000) is surprising considering only 10 1109 
cows were used in a system with two robots capable of milking up to 100 cows. With 1110 
the capacity to milk all 10 cows every hour, cows had the opportunity to be milked, eat 1111 
and sleep as a herd at the same time; however, the herd evenly distributed their 1112 
milking, feeding and lying activity throughout the day. As more cows are introduced to 1113 
an AMS, milking robot utilization naturally increases due to more milkings and feeding 1114 
events being required to be completed each day (Halachmi et al., 2001). However, a 1115 
single milking box has a limited capacity of around 8 milkings/h (Ketelaar-de Lauwere 1116 
et al., 2000; Kerrisk, 2010). Therefore, increasing the number of cows/robot could 1117 
increase the time cows spend waiting in the pre-milking yard, particularly for low 1118 
socially ranked or less experienced cows (Halachmi, 2009), as the capacity of the 1119 
robots would be exceeded during periods of the day when peak milking activity occurs. 1120 
By reducing the ‘peak’ milking events to achieve a more evenly distributed robot 1121 
utilization pattern throughout 24 h, robot capacity could be increased by up to 10 cows 1122 
(assuming a milking frequency of 2.5 milkings/day) due to the 25 additional milking 1123 
events achieved at night (John et al., 2013). 1124 
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In some cases, it may be more efficient in pasture-based AMS to milk more cows at a 1125 
reduced milking frequency (Woolford et al., 2004). A comparison of low (2% feed 1126 
imported) and high (18% feed imported) input pasture-based AMS with 92 and 72 1127 
cows/robot and milking frequency targets of 1.5 and 2.0 milkings/day respectively, is 1128 
the only pasture-based analysis of cow to robot ratio for differing feed systems, with 1129 
the study finding that both systems are financially viable options for pasture-based 1130 
AMS (Jago and Burke, 2010). However, the majority of pasture-based AMS farmers 1131 
appear to target a lower cow to robot ratio and greater milking frequency than the work 1132 
of Jago and Burke (2010) and the impact of a greater cow to robot ratio is yet to be 1133 
extensively tested in a commercial situation. A simulation model for pasture-based 1134 
AMS, such as that developed by Halachmi (2000) for designing indoor AMS, would 1135 
allow for the systems mentioned above to be tested and would be a valuable tool in 1136 
the design and implementation of pasture-based AMS farms. 1137 
 1138 
2.8 Conclusions 1139 
The aim of this review was to draw together current knowledge on both indoor and 1140 
pasture-based AMS robot utilization across 24 h, with a specific focus on feed, animal 1141 
and management factors that impact utilization levels. Further, it was the intent of this 1142 
novel review to draw together both the opportunities that exist within these areas for 1143 
improved system efficiencies on-farm and those that exist for further research. A 1144 
number of conclusions can be drawn from the literature presented on this topic, 1145 
encompassing herds up to 85 cows in various countries and some larger herds in 1146 
Australia. It has been shown that consistent levels of robot utilization distributed 1147 
throughout 24 h can be achieved in AMS using both indoor and pasture-based feeding 1148 
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systems. Although there are examples of consistent robot utilization being achieved, 1149 
it is more common for robot utilization to be inconsistent throughout 24 h. Regardless 1150 
of the feeding system, robot utilization patterns appear closely linked with feeding 1151 
patterns. Management practices that distribute feeding bouts evenly throughout 24 h 1152 
are likely to positively impact robot utilization and therefore require further 1153 
investigation. Opportunities to influence feeding behaviour appear to be related to 1154 
strategic allocation of feed through 24 h. Further to this, the allocation of feeds with 1155 
different macronutrient ratios may also provide further benefits in this area. Exclusive 1156 
of feeding strategy, a range of opportunities exist for non-feed related factors to further 1157 
enhance robot utilization. A greater understanding of management strategies for hot 1158 
climates, especially in pasture-based AMS, will help alleviate a decline in robot 1159 
utilization during the hottest period of the day. Likewise, the management of extended 1160 
walking distances will become more important as AMS is adopted into larger pasture-1161 
based farms. Perhaps the least understood area to date is social hierarchy within AMS 1162 
herds and how this impacts feed and robot access in both indoor and pasture-based 1163 
AMS. This review provides a benchmark and reference for levels of robot utilization 1164 
across feeding systems, identifying key areas of research to be conducted and 1165 
opportunities for on-farm changes in management to significantly improve levels of 1166 
milking robot utilization. 1167 
 1168 
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3.1 Overview of Chapter 3 1403 
A review of the literature in Chapter 2 highlighted the paucity of information available 1404 
regarding robot utilisation in automatic milking systems. Chapter 3 aims to build on the 1405 
knowledge of robot utilisation in pasture-based automatic milking systems through the 1406 
study of 7 commercial farms in Australia. The robot utilisation patterns throughout 24 1407 
h were analysed, along with the pasture management strategies used by these farms. 1408 
 1409 
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 1422 
Chapter 3 • Case Study of Commercial Pasture-Based Farms 
Alex J John PhD Thesis • Page 46 
 
3.2 Abstract 1423 
Automatic milking systems (AMS) represent an entirely new way of farming for 1424 
pasture-based dairy systems. Developments in pasture-based AMS research have 1425 
focused largely on increasing milking frequency, whilst robot utilisation (RU) 1426 
throughout 24 h has garnered relatively little attention, despite farmers reporting that 1427 
RU is highly variable. Analysing RU on commercial farms will enable targeted research 1428 
to improve RU throughout 24 h and provide information for farmers considering 1429 
adopting AMS. Our study collected data on the RU and pasture management practices 1430 
of seven commercial pasture-based AMS farms in Australia. Our aim was to determine 1431 
the impact of season and time of day on RU patterns achieved in commercial 1432 
environments and highlight the pasture management practices taking place on farm. 1433 
Data were collected between February and May 2015. Three farms were located in 1434 
Tasmania, two in Victoria and two in South Australia. All farms offered predominantly 1435 
grazed herbage as feed to cows and had been operating as AMS for at least three 1436 
years. The number of milking robots per farm ranged from 2 to 6, with one robotic 1437 
rotary also included in the study. One farm offered two pasture allocations per 24 h, 1438 
whilst the remaining farms offered three discrete pasture allocations per 24 h. We 1439 
showed the proportion of pasture allocated for the daily feed allocations to be similar 1440 
(<5% difference) for three farms, whilst four farms varied their pasture allocations by 1441 
between 15 to 30%. Robot utilisation throughout 24 h varied between farms, but 1442 
overall, RU was greatest during the late afternoon and usage decreased during the 1443 
early morning (5.7 and 1.6 milkings per robot per h, respectively). Our study 1444 
highlighted the wide range of pasture management regimes currently used by 1445 
Australian pasture-based AMS farms and the associated array of RU patterns unique 1446 
to each farm. Robot utilisation is highly variable, changing throughout 24 h and 1447 
Chapter 3 • Case Study of Commercial Pasture-Based Farms 
Alex J John PhD Thesis • Page 47 
 
seasons, presenting an opportunity to improve AMS efficiency by increasing the 1448 
consistency of RU throughout 24 h. The developing of novel pasture management 1449 
strategies following the principles of high performing farms will realise improvements 1450 
to RU in pasture-based AMS. 1451 
 1452 
 1453 
 1454 
 1455 
 1456 
 1457 
 1458 
 1459 
 1460 
 1461 
 1462 
 1463 
 1464 
 1465 
3.3 Keywords 1466 
Grazing, feeding management, robotic milking, cow behaviour 1467 
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3.4 Introduction 1468 
Automatic milking systems (AMS) represent an entirely new approach to pasture-1469 
based dairy farming. Automatic milking systems were first introduced in “housed” dairy 1470 
farms in 1990 (de Koning, 2011), expanded to pasture-based systems in 2001 with 1471 
the commissioning of the first Australian AMS farm (Greenall et al., 2004). Automatic 1472 
milking systems have since been extended to 40 dairy farms throughout Australia. 1473 
Australian farmers have embraced AMS to circumvent labour shortages, whilst also 1474 
providing a more flexible and sustainable working environment (Kerrisk, 2008). 1475 
However, AMS still represents less than 1% of dairy farms in Australia. 1476 
The majority of AMS farms in Australia utilise grazed herbage year-round as their main 1477 
feed source. As feed is the main motivator for voluntary cow trafficking in an AMS 1478 
(Prescott et al., 1998), this creates a number of challenges for pasture-based AMS 1479 
farmers. Pasture is often located several hundred metres from the milking units, with 1480 
Lyons et al. (2013b) reporting pasture located between 500 to 1000 m from the milking 1481 
units increasing the time taken for cows returning from pasture. Temporal variation in 1482 
quality of grazed herbage is also a factor. Delagarde et al. (2000) found the quality of 1483 
ryegrass (Lolium perenne L.) varied between 0800 and 1900 h, with 30% greater total 1484 
soluble carbohydrates, 8% lower crude protein (CP) and 6% lower neutral detergent 1485 
fibre (NDF) across the two measurement periods. Scott et al. (2014a) have shown that 1486 
herbage quality varies within a single grazing session. Cows entering a pasture 1487 
allocation last are presented with herbage containing 21% less CP and 15% higher 1488 
acid detergent fibre (ADF) values. These factors contribute to increased variability in 1489 
robot utilisation (RU, milking events per hour) throughout 24 h, commonly observed in 1490 
AMS (John et al., 2016), and limit new farmers from realizing the full potential of their 1491 
systems. 1492 
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Developments in feeding management for pasture-based AMS have focused on 1493 
increasing voluntary cow traffic through the system, and subsequently increasing 1494 
milking frequency (MF, milkings per cow per day) and milk yield (MY), while 1495 
decreasing waiting time at the robot. Three-way grazing (3WG), whereby three 1496 
allocations of pasture are offered in 24 h, was first attempted on a commercial farm in 1497 
2003 and is perhaps the most significant development for pasture-based AMS 1498 
(Greenall et al., 2004). Lyons et al. (2013c) was able to show that 3WG, compared to 1499 
offering two allocations of pasture per day (2WG), increased MF by 40%, MY by 20% 1500 
and decreased milking interval (MI, time between milkings) by 31%. Other areas of 1501 
research have included the provision of supplementary feed in the milking unit (Jago 1502 
et al., 2007, Scott et al., 2014b), location of supplementary feed pre- and post-milking 1503 
(Lyons et al., 2013a) and incorporation of complementary forages into the grazing 1504 
system (Clark et al., 2014). Clark et al. (2015) have shown that despite AMS relying 1505 
on voluntary cow trafficking, similar levels of pasture utilisation (13,500 kgDM.ha.year) 1506 
can be achieved by both conventional milking systems (CMS) and AMS. However, 1507 
despite the ongoing research to improve AMS performance, uncertainty surrounding 1508 
the performance of precision technologies, the impact these technologies have on the 1509 
farming system and individual farmer ideologies, hinder uptake of new technologies 1510 
(Jago et al., 2013). A recent study by Lyons and Kerrisk (2017) showed there is 1511 
potential to increase the productivity of commercial AMS farms in Australia by up to 1512 
60%. Thus, there is a paucity of knowledge on the performance of pasture-based AMS 1513 
farms and as such, we have a limited understanding of the current gaps in 1514 
performance for both farmers and scientists to resolve.  1515 
The aims of our study were to determine the effects of season and time of day on RU 1516 
and the effects of season and stage of lactation on daily milking frequency and milk 1517 
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yield, using data collected from commercial pasture-based AMS farms in Australia. 1518 
We also interviewed participants to determine current pasture management practices 1519 
of pasture-based AMS farmers, with a focus on identifying current trends and potential 1520 
areas for further research.  1521 
 1522 
3.5 Materials and Methods 1523 
The involvement of farmers was approved by the University of Sydney Human 1524 
Research Ethics Committee (project no.: 2014/737). Use of animals was approved by 1525 
the University of Sydney Animal Ethics Committee (protocol: 2014/753). At the time of 1526 
voluntary enrolment of farmers to this study, there were 32 AMS farms in Australia, 1527 
with 14 of these farms fulfilling the requirements of the study (operating a minimum of 1528 
3 years; grazed pasture as the predominant feed source). The 14 farms were invited 1529 
to participate in the study, with 7 farms choosing to be involved. Farms were located 1530 
across three states (Victoria, South Australia and Tasmania), consisted of between 1531 
120 and 575 cows, 2 to 6 robotic milking units and 1 automatic milking rotary, were of 1532 
both Lely and DeLaval robots, grazing between 48 and 180 ha of pasture and 1533 
operating for between 3 and 6 years (Table 1). The number of cows milked per robot 1534 
ranged from 60 to 75, with 575 cows milked by the DeLaval Automatic Milking Rotary 1535 
(AMR).  1536 
Semi-structured face-to-face interviews took place between 17 February 2015 and 12 1537 
May 2015, which were recorded electronically and subsequently transcribed. The 1538 
interviews’ focus was to determine each farmer’s pasture management principles by 1539 
asking non-leading questions from a pre-prepared interview sheet. Interviews typically 1540 
Chapter 3 • Case Study of Commercial Pasture-Based Farms 
Alex J John PhD Thesis • Page 51 
 
lasted for 1-2 hours and were conversational in nature. Cross-case analysis was 1541 
performed using themes highlighted in the literature and those identified from the data. 1542 
Table 1 Farm location (state), cows (peak), brand (manufacturer of robot), robots (count of 
milking units), grazing area (GA; ha), years of operation (Y; years), furthest walking distance 
to paddock (D; km) and main animal breed (B) 
Farm Location Cows Brand Robots GA Y D B 
1 Vic 240 Lely 4 100 6 1.2 HF2 
2 Vic 120 Lely 2 65 3 1.1 Je3 
3 SA 150 Lely 2 61 6 0.95 HF 
4 SA 360 DeLaval 6 100 4 1.3 HF 
5 Tas 210 DeLaval 3 48 3 0.8 HF 
6 Tas 244 Lely 4 107 6 0.7 Cr4 
7 Tas 575 DeLaval AMR1 180 4 1.6 HF 
1Automatic milking rotary, 2Holstein Friesian, 3Jersey, 4Friesian/Jersey cross 
Robot data were collected from farms operating the Lely Time 4 Cows software 1543 
between 1st January 2012 to 17th February 2015 (Farm 1), 12th May 2015 (Farm 3) 1544 
and 31st January 2015 (Farm 6) and between 1st May 2012 (farm installation) to 18th 1545 
February 2015 (Farm 2). Limitations of the software Delpro, used to operate DeLaval 1546 
robotic milking units, restricted data availability to 13 months, with robot data collected 1547 
between 1st June 2014 to 11th May 2015 (Farm 4), 20th January 2014 to 22nd February 1548 
2015 (Farm 5) and 20th January 2014 to 22nd February 2015 (Farm 7). Reports were 1549 
generated within each of the farm’s management software to collect daily cow data, 1550 
including: MY (L per day), MF (milking events per day) and stage of lactation (SOL, 1551 
day). Additionally, cow I.D., date, time and milk yield (L) were collected for each 1552 
individual milking event to determine RU patterns. Milking data were categorised by 1553 
production year (12 months beginning September 2011, 2012, 2013, 2014) and 1554 
season (spring, summer, autumn, winter). Daily cow data were also categorised by 1555 
SOL (0-99, 100-199, 200-299, ≥300). 1556 
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Robot utilisation (milking events per robot per hour) for each farm was analysed using 1557 
REML Genstat 17th Edition with fixed effects of hour (0, 1, 2… 23) and production year 1558 
(2011-2012, 2012-2013, 2013-2014, 2014-2015) as a random effect. The effect of 1559 
season (spring, summer, autumn, winter) on robot utilisation was also determined, 1560 
with farm (1, 2… 6) and production year (2011-2012, 2012-2013, 2013-2014, 2014-1561 
2015) included as a random effect. Farm 7 was excluded from the analysis of RU due 1562 
to the difference in milking system compared to the other farms. The mean MF and 1563 
MY were determined by REML, for fixed effects of season (spring, summer, autumn, 1564 
winter) and SOL (0-99, 100-199, 200-299 and 300+ days in milk), with farm (1, 2… 7) 1565 
and production year (2011-2012, 2012-2013, 2013-2014, 2014-2015) included as a 1566 
random effect. The mean cows milked (cows per robot) and daily milkings (milkings 1567 
per robot per day) were determined by REML, with season (spring, summer, autumn, 1568 
winter) as the fixed effect, and farm (1, 2… 6) and production year (2011-2012, 2012-1569 
2013, 2013-2014, 2014-2015) included as random effects. 1570 
 1571 
3.6 Results 1572 
3.61 Robot utilisation 1573 
A large variation in RU patterns was observed between the seven farms (Figure 1). 1574 
Increases in RU coincided with gate change times on farms 2, 5 and 6. Robot 1575 
utilisation typically decreased after 2400 h, except for farms 2, 5 and 6, where the gate 1576 
change around 0200 h was associated with increased RU. Except for farms 2 and 6, 1577 
all farms recorded their lowest RU during the night. The highest average RU for a box 1578 
robot was 7.1 milkings per hour, recorded by farm 5, whilst the average RU across all 1579 
farms with box robots was 4.4 milkings per hour (SD ±1.5). The average RU of farm 1580 
7, with the AMR, was 39.2 milkings per hour (SD ±18.4). 1581 
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1582 
 1583 
 1584 
 1585 
Figure 1 Predicted mean for hourly robot utilisation (milkings per robot) of farm 1 (a), farm 1586 
2 (b), farm 3 (c), farm 4 (d), farm 5 (e), farm 6 (f) and farm 7 (g). Gate change times, where 1587 
a new allocation of pasture is offered, are indicated by dashed vertical lines. The 1588 
proportion of herbage offered, as a percentage of the total daily allocation, is indicated for 1589 
each allocation period. Data were pooled across seasons. Each hour represents milkings 1590 
occurring within a 60 min period, e.g. 16 = all milkings occurring between 1600 – 1659 h 1591 
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Robot utilisation varied (P < 0.001) throughout 24 h depending on the season. The 1592 
point in time within a day that RU decreased differed between seasons, with the winter 1593 
RU pattern showing a decrease in utilisation at 1700 h, compared with 2100 h for 1594 
summer, whilst 46% fewer milkings were performed between 1900-2100 h in winter, 1595 
compared to summer milkings. The number of milkings performed throughout 24 h 1596 
during the autumn and spring RU patterns were intermediary to summer and winter, 1597 
with RU declining at 1900 h for both. Robot utilisation patterns stabilised at 2300 h for 1598 
all seasons and followed a similar pattern between 2300-0700 h, whilst differing in 1599 
magnitude of approximately 1 milking per robot per h. Robot utilisation for all seasons 1600 
decreased again at 0400 h, before increasing at 0600 h for all seasons.  All seasons 1601 
have a similar RU pattern between 0700-1800 h, varying in magnitude by 1602 
approximately 1 milking per robot per h. 1603 
 1604 
Figure 2 Predicted means of robot utilisation (milkings per robot) for spring ( ), 1605 
summer ( ), autumn ( ) and winter ( ). Each point represents milkings 1606 
occurring during the indicated hour, e.g. 16 = milkings occurring between 1600 – 1659 1607 
h. Average SED = 0.1037 1608 
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Milking frequency and MY decreased (P < 0.001) 15% and 46%, respectively, as stage 1609 
of lactation increased (Table 2). Milking frequency was greatest (P < 0.001) in spring 1610 
(2.27 milkings per cow per day), declining with each successive season to be 8% lower 1611 
in winter. Milk yield was also greatest (P < 0.001) in spring (26.0 L per cow per day), 1612 
declining by 28.5% to autumn, with a 1% MY increase from autumn to winter. Cows 1613 
per robot and milkings per robot increased (P < 0.001) by 9.9% and 8.5% respectively, 1614 
from spring to summer, then decreased during the summer to winter period by 27.9% 1615 
and 33.3%, respectively. 1616 
3.62 Pasture management  1617 
All farms offered predominantly grazed herbage as feed to cows, using either 3WG (6 1618 
farms or 2WG (1 farm). The farm using 2WG had the smallest herd, the farmer citing 1619 
3WG would likely be required if the herd increased size by more than 10 cows per 1620 
robot. Farm 7 had a fourth pasture allocation, used to train freshly calved heifers 1621 
separate from the main herd. The strategies used to select paddocks for grazing varied 1622 
between two methods, with 4 farms using a set rotation and 3 farms grazing paddocks 1623 
determined by available biomass. Farms 4, 5 and 7 had feed pads capable of acting 1624 
as discrete feed allocations or to supplement any of the three pasture allocations, 1625 
whilst farms 1 and 6 had provision to offer conserved forage in the pre-milking yard. 1626 
Table 2 Predicted means for daily milking frequency (MF, milkings per cow per day), milk yield (MY, milk yield per cow per 
day), cows milked (cows per robot) and milkings (milkings per robot per day) 
 Season  Stage of Lactation  SED1 
 
P-Value 
Farm Sp2 Su3 Au4 Wi5  06 1007 2008 ≥300  S9 L10 
 
S9 L10 
MF 2.27a 2.21b 2.11c 2.09d  2.37a 2.22b 2.01c 1.95d  0.002 0.002  <0.001 <0.001 
MY 26.0a 23.1b 18.6c 18.8d  28.0a 23.0b 17.1c 15.1d  0.027 0.026  <0.001 <0.001 
Cows 45.6a 50.6b 43.9c 36.5d       0.461   <0.001  
Milkings 101.1a 110.5b 94.1c 73.7d       1.098   <0.001  
1Average standard error of difference; 2Spring; 3Summer; 4Autumn; 5Winter; 60-99 days; 7100-199 days; 8200-299 days; 
9Season; 10Stage of Lactation. 
a-d Differences within rows for same factor are indicated lowercase superscripts (P < 0.05) 
Chapter 3 • Case Study of Commercial Pasture-Based Farms 
Alex J John PhD Thesis • Page 56 
 
Farms 4 and 7 replaced a pasture allocation with the feed pad through winter to 1627 
prevent damage to pasture. 1628 
The factors determining gate change times (Figure 1), the time when a fresh allocation 1629 
of pasture was offered, were influenced by ideal labour working routines for six farms, 1630 
and to manage cow traffic for four farms. Only farm 2 reported using the gate change 1631 
times recommended by the manufacturer at start up, however they also reported these 1632 
times suited their daily work routine. The quantity of feed offered in each of the discrete 1633 
daily pasture allocations was different across all farms (Figure 1). Farm 7 was the only 1634 
farm offering equal thirds of daily pasture allowance between the three allocations. 1635 
Farms 3 and 4 reported offering small variation in pasture allowance (2.5-5%) between 1636 
the three allocations, whilst farms 1, 2, 5 and 6 varied pasture allowances by 15-30% 1637 
between their smallest and largest pasture allocations. Farms 1 and 5 had successfully 1638 
incorporated fodder crops into their grazing rotation, offering turnips in place of a 1639 
grass-based sward for one of the daily feed allocations. Farm 7 had also attempted to 1640 
incorporate turnips into their grazing rotation, however, the farmer held the herd back 1641 
on a feed pad before providing access to the turnips, reporting that this resulted in 1642 
congestion at the AMR as all cows finished grazing the turnips at the same time. 1643 
 1644 
3.7 Discussion 1645 
The RU patterns achieved by the individual farms highlights both the volatility of RU 1646 
throughout 24 h, and the variability experienced between farms. The average RU of 1647 
all farms combined, equated to 4.4 milkings per robot per h, and no single farm was 1648 
able to consistently maintain RU above this value for the full 24 h. Robot utilisation 1649 
decreased at some point between 2400-0600 h on all farms.  However, decreases in 1650 
Chapter 3 • Case Study of Commercial Pasture-Based Farms 
Alex J John PhD Thesis • Page 57 
 
utilisation also occurred at other times of the day, highlighting how RU is specific to 1651 
the unique management and environmental conditions of each farm. The diurnal 1652 
pattern of RU described in this study compares closely with that previously described 1653 
in the review by John et al. (2016), who presented the RU patterns of several research 1654 
papers. The combined farm RU pattern presented by John et al. (2016) highlights the 1655 
importance of reporting individual farm RU patterns, as the variability of RU throughout 1656 
the daylight hours exhibited by individual farms is lost when data of multiple farms are 1657 
combined. 1658 
The daily average RU of 4.4 milkings per robot per h recorded in this study was well 1659 
below the originally theorised capacity of 7-8 milkings per robot per h (Kerrisk, 2010), 1660 
and below the 6 milkings per robot per h previously reported by Davis et al. (2005) 1661 
from the Dexcel pasture-based AMS research farm. A recent study by Lyons and 1662 
Kerrisk (2017), measuring key performance indicators across eight Australian AMS 1663 
farms, found similar potential for system performance to be increased. They found if 1664 
the number of milkings at each hour of the day could be increased to match that of the 1665 
maximum achieved for a single hour, overall production could be improved by up to 1666 
60%. We also observed the potential for total daily milkings to be increased, as the 1667 
summer peak of 110 milkings per robot per d was well below the theoretical 192 1668 
milkings per robot per d, assuming a consistent RU of 8 milkings per robot per h 1669 
throughout 24 h. Based on the values we calculated in the current study, up to 77 cows 1670 
could be supported per robot from an additional 82 milkings per robot per d (with MF 1671 
2.5 milkings per cow per d). Clearly, potential remains to further improve the 1672 
productivity of pasture-based AMS, by making RU patterns more consistent 1673 
throughout 24 h, allowing for more cows per robot to be milked. 1674 
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From the peak herd numbers reported by the farmers in this study, we can see that 1675 
most farms were operating with approximately 60 cows per robot, whilst Farms 5 and 1676 
2 were milking 70 and 75 cows per robot, respectively. Woolford et al. (2004) 1677 
postulated that milking 110 cows at a lower MF could improve the productivity of 1678 
robots. This theory can, in part, be answered by Jago and Burke (2010), who 1679 
compared milking 72 cows per robot at a greater MF and 18% imported feed 1680 
(GRASS+), compared to milking 92 cows per robot at a lower MF and 2% imported 1681 
feed (GRASS), and found the GRASS system to be more profitable than the GRASS+ 1682 
under all economic conditions. Further, Jago et al. (2007) found that lower MF (1.42 1683 
vs 1.91) had no impact on daily MY per cow, whilst increasing the MY per milking (16.4 1684 
vs 11.96 kg per cow) and milk harvesting rate (1.63 vs 1.18 kg per min). It is therefore 1685 
important not to focus on MF alone, and instead concentrate on fully utilising robots 1686 
throughout 24 h to maximise milk harvested. Thus, it is interesting that the industry 1687 
has gravitated towards a model where less cows per robot are milked at a greater MF 1688 
and represents an important area within pasture-based AMS farming that has had little 1689 
attention, considering the potential benefits. 1690 
A variety of feeding management strategies were used on each of the farms in our 1691 
study, with 2WG and 3WG both in use, with a wide range of gate change times and 1692 
quantity of feed allocated throughout the day observed. Four of the seven farms 1693 
offered a pasture allocation containing between 30-50% less herbage, compared to 1694 
the largest pasture allocation, whilst the remaining three farms allocated herbage 1695 
relatively consistently across all pasture allocations. We cannot associate pasture 1696 
allocation with RU patterns in the context of this study, as the values reported 1697 
represent each farmer’s intended allocation, rather than a measurement of the actual 1698 
herbage allocated or consumed. However, John et al. (2013) has previously described 1699 
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the use of variable pasture allocation on two high performing pasture-based AMS 1700 
farms, showing a smaller pasture allocation prior to midnight, followed by a much 1701 
larger pasture allocation, was associated with improved robot utilisation at night. 1702 
Farms 5 and 6 both had similar methods of allocation to that described by John et al. 1703 
(2013), and had notably less variability in RU at night. We also observed gate change 1704 
times clearly coinciding with peaks in RU on farms 2, 5 and 6. We expected this to 1705 
occur, based on cows learning the system and pre-empting when a new allocation of 1706 
feed would become available (Livshin et al., 1995), although the lack of occurrence on 1707 
the other 4 farms indicates this isn’t always the case. We postulate that the act of 1708 
offering a fresh allocation of pasture is not enough to encourage voluntary trafficking, 1709 
but rather the depletion of available feed, as shown by Ketelaar-de Lauwere et al. 1710 
(2000) who found MF increased as available herbage biomass decreased. Therefore, 1711 
offering smaller pasture allocations, which are likely to be depleted more rapidly, could 1712 
potentially increase voluntary trafficking in AMS.  1713 
Farmers incorporated fodder crops into their feeding platform to either increase the 1714 
quality of the ration or as a tool to allow for pasture renovation. For the two farms 1715 
where fodder was successfully used, turnips were offered in combination with silage 1716 
and substituted for one of the three daily pasture allocations. As turnips are entirely 1717 
depleted when grazed, farm 5 purposely offered fodder prior to midnight, as the total 1718 
depletion of feed stimulated voluntary trafficking at night. This is similar to the smaller 1719 
allocation of pasture offered prior to midnight in the study by John et al. (2013), which 1720 
was also used to stimulate better cow trafficking at night, as the smaller allocation was 1721 
depleted more quickly. John et al. (2016) suggested that fodder crops, due to cows’ 1722 
preference for feed with greater water-soluble carbohydrate content (Horadagoda et 1723 
al., 2009), could be used as an attractant to stimulate voluntary cow trafficking, 1724 
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however, none of the farms implemented fodder crops in this way. The study by Clark 1725 
et al. (2014), examining the incorporation of grazed soybean (Glycine max) into the 1726 
feed base, remains the only study to combine fodder in a pasture-based AMS. Further 1727 
investigation of fodder crops for pasture-based AMS, including different species and 1728 
methods for their allocation, would provide farmers with more flexibility to manage their 1729 
feed base and improve feed quality in pasture-based AMS. 1730 
Robot utilisation throughout 24 h was influenced by season, with RU decreasing three 1731 
hours later, at the end of the day and increasing one hour earlier in the morning, during 1732 
summer compared to winter. The different timing of increases and decreases in RU 1733 
throughout 24 h is likely due to changing daylengths between the seasons, and the 1734 
preference of cows to graze at dawn and dusk (Gregorini, 2012). Farm 3 stated they 1735 
altered their gate change times throughout the year as daylength had a large impact 1736 
on the voluntary trafficking of their herd. The seasonal difference for the number of 1737 
milkings observed at each hour of the day is likely due to the different ratio of cows 1738 
per robot and MF across the four seasons. 1739 
On the study farms we observed a decline in MF and MY of 18% and 46% respectively, 1740 
from beginning to end of lactation. This is similar to the results of Jago et al. (2006), 1741 
who observed a reduction of 29% for MF and 65% for MY between early and late 1742 
lactation cows in a pasture-based AMS research farm. However, in the study by Jago 1743 
et al. (2006), MF for the early lactation cows was only 1.7 milkings per cow per day, 1744 
owing to the high cow per robot ratio (94 cows per robot) and use of 2WG, whereas 1745 
cows at SOL >300 days in the present study still recorded a mean MF of 1.95 milkings 1746 
per cow per day. The reduced MF of cows in later lactation does show that motivation 1747 
to voluntarily traffic around the system does decline as SOL increases. The changes 1748 
that occur in the daily distribution of RU as SOL increases and the effect this may have 1749 
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on other cows within the system, especially within a split calving system, warrants 1750 
further investigation. 1751 
3.8 Conclusion 1752 
Our study has shown the highly variable nature of RU throughout 24 h on commercial 1753 
pasture-based dairy farms in Australia. We found RU peaks in the afternoon, 1754 
coinciding with sunset, before decreasing during the early hours of the morning. Each 1755 
farm featured its own unique RU pattern, based on the individual management 1756 
practices and environmental conditions of the farm. Season influenced the time of day 1757 
when RU increased and decreased and is a factor farmers must consider in 1758 
geographic locations where a large variation in day length occurs. There is potential 1759 
for robots to perform more milking events throughout the entire year, either by 1760 
increasing MF or the number of cows per robot. The wide range of pasture allocation 1761 
methods demonstrates farms are highly individual in their management practices. 1762 
Scientific investigation of novel grazing management techniques, based on the 1763 
variable allocated of pasture throughout 24 h used by commercial farmers, could 1764 
reduce the variability observed in RU patterns by better matching the temporal feed 1765 
allocation with changing feeding activity throughout 24 h. 1766 
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4.1 Overview of Chapter 4 1874 
Building on the data collected in Chapter 3, the experiment contained within Chapter 1875 
4 involved a detailed investigation of a commercial pasture-based automatic milking 1876 
system with consistently high robot utilisation throughout 24 h. The robot utilisation 1877 
patterns of cows with varying levels of milking frequency and detailed measurements 1878 
of pasture management, including the quantity of feed offered and consumed in each 1879 
pasture allocation, were determined throughout an 8-week period in summer. 1880 
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4.2 Abstract 1894 
Achieving a consistent level of robot utilisation throughout 24 h maximises automatic 1895 
milking system (AMS) efficiency. However, levels of robot utilisation in the early 1896 
morning hours are typically low, caused by the diurnal feeding behaviour of cows, 1897 
limiting the inherent capacity and total production of pasture-based AMS. Our objective 1898 
was to determine robot utilisation throughout 24 h by dairy cows, based on milking 1899 
frequency (MF; milking events per animal per day) in a pasture-based AMS, achieving 1900 
consistent robot utilisation throughout 24 h. Milking data were collected from January 1901 
and February 2013 across 56 days, from 180 animals utilising three Lely A3 robotic 1902 
milking units, located in Tasmania, Australia. The cows were organised into three 1903 
equal quantiles of 60 animals, based on MF (low < 2.3 MF, medium 2.3-2.7 MF and 1904 
high > 2.7 MF). Robot utilisation was characterised by an interaction (P < 0.001) 1905 
between the three MF groups and time of day, with peak milking time for high MF cows 1906 
within one hour of a fresh pasture allocation becoming available, followed by the 1907 
medium MF and low MF cows two and four hours later, respectively. Cows in the high 1908 
MF group also presented for milking between 2400-0600 h more frequently (77% of 1909 
nights), compared to the medium MF group (57%) and low MF group (50%). This work 1910 
is the first to show that cows in pasture-based AMS have distinct milking times based 1911 
on MF. Further work is required to determine if this finding is replicated across other 1912 
pasture-based AMS farms and determine the potential to increase the milk yield of 1913 
cows visiting robots towards the end of a pasture allocation, by offering improved 1914 
supplement quality to substitute for the reduction in available herbage quality.  1915 
4.3 Keywords 1916 
Automatic milking system, milking frequency, grazing, voluntary traffic  1917 
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4.4 Introduction 1918 
The first AMS was installed in Australia in 2001 (Greenall et al., 2004) and adoption 1919 
has since expanded to 42 farms in 2017 and is present in all the major dairy regions 1920 
of Australia, with the majority of Australian AMS farms using grazed herbage as the 1921 
primary feed source. To maximise efficiency, AMS require a consistent flow of cows 1922 
presenting to the milking robot, with cows trafficking freely between the paddock and 1923 
dairy, under the guidance of selection gates. However, a reduction in the number of 1924 
milking events often occurs between 2400 – 0600 h in pasture-based AMS (John et 1925 
al., 2016). This reduction in milking robot utilisation is attributed to cows following 1926 
diurnal grazing patterns, with the decline in robot utilisation more pronounced in 1927 
pasture-based AMS due to minimal grazing occurring at night, compared to indoor 1928 
AMS where feeding is more evenly distributed throughout 24 hours (John et al., 2016).  1929 
Feed is the main incentive to encourage cows to move around the farm, allowing milk 1930 
harvesting in the process (Prescott et al., 1998). Thus, optimising pasture 1931 
management is critical to the operation of pasture-based AMS. A system of “three-way 1932 
grazing” (3WG) is commonly used, whereby three allocations of pasture are offered 1933 
within a 24 h period, to encourage cows to voluntarily traffic (Greenall et al., 2004). 1934 
The 3WG system has been adopted by the majority of pasture-based AMS farms in 1935 
Australia, and as Lyons et al. (2013) demonstrated, the additional voluntary cow 1936 
trafficking increased milking frequency (MF) (1.8 vs. 1.3) and milk yield (MY) (20%), 1937 
compared to offering only two allocations of pasture in 24 h. The increase in voluntary 1938 
cow movement using 3WG is attributed to smaller quantities of feed available at each 1939 
pasture allocation, resulting in herbage being depleted more rapidly and encouraging 1940 
cows to seek a new food source (Lyons et al., 2013). Despite 3WG being the accepted 1941 
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standard, there has been no research on how to manage and optimise voluntary cow 1942 
trafficking using 3WG in pasture-based AMS. 1943 
There is a paucity of 24 h robot utilisation (RU) data for both pasture-based and indoor 1944 
AMS, with research focusing mainly on individual cow MF and MY (Halachmi et al., 1945 
2005, Lyons et al., 2013 and 2014). Whilst these two metrics are important, optimising 1946 
RU provides an opportunity to increase total milk harvested per robot by increasing 1947 
the number of milkings performed in 24 h and the number of cows a robot can support. 1948 
Ideally, cows would present for milking at a consistent rate per hour throughout 24 h, 1949 
with minimal time spent in the waiting yard. However, the more synchronized feeding 1950 
and trafficking behaviour of pasture-based dairy herds, compared to indoor dairy 1951 
herds, creates additional challenge (Ketelaar-de Lauwere et al., 1999). Studies have 1952 
also suggested RU is influenced by social rank, with low ranked cows more likely to 1953 
present for milking between 2400-0600 h, when there is less access competition for 1954 
the robots (Ketelaar-de Lauwere et al., 1996, Jago et al., 2003). Almeida et al. (2013) 1955 
investigated milking order in an AMS, with the herd divided into three groups, 1956 
determined by individual MY. In their study, MF was greater for the high MY group, 1957 
however, all three MY groups followed a similar milking pattern throughout 24 h. 1958 
Knowing the milking order in AMS, allows the tailoring of concentrate feed offered to 1959 
individual cows, that compensates for any deficiencies in herbage quality they are 1960 
likely to receive in the paddock, as outlined for CMS by Scott et al. (2014). Our 1961 
objective was to determine the impact of milking frequency on the milking distribution 1962 
of cows in a commercial pasture-based AMS. The second objective was to determine 1963 
the consistency of night time milking for different levels of milking frequency. The third 1964 
objective was to determine the proportion of feed (herbage and silage) allocated 1965 
between the three daily pasture allocations. 1966 
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4.5 Material and Methods 1967 
The experiment duration was 56 days from January 7 to March 3 2013 at Togari 1968 
(40º58’17”S, 144º54’38”E) Tasmania, using 207 cows. The weather was mostly dry 1969 
for the duration of the experiment, with rain recorded on 16 days (Table 1). Sunrise 1970 
and sunset occurred at 0558 h and 2055 h on January 7 and 0704 h and 2000 h on 1971 
March 3.  1972 
Table 1 Weekly averages for daily minimum temperature, maximum temperature and total rainfall 
recorded for the 7-day period 
Week 1 2 3 4 5 6 7 8 
Minimum 
Temperature 
(Mean ± SD) 
12.2 ± 
2.1 
11.7 ± 
1.9 
12.9 ± 
2.1 
10.7 ± 
2.2 
14.1 ± 
1.9 
13.3 ± 
2.5 
15.2 ± 
3.2 
13.1 ± 
3.2 
Maximum 
Temperature 
(Mean ± SD) 
20.0 ± 
4.0 
20.2 ± 
1.6 
20.8 ± 
1.0 
19.2 ± 
1.7 
22.0 ± 
2.4 
24.1 ± 
1.6 
23.5 ± 
2.6 
21.1 ± 
1.8 
Rain mm (days) 15.8 (4) 4.2 (3) 6.2 (3) 11.2 (3) 3.0 (1) 0.0 (0) 2.0 (1) 2.2 (1) 
Cows were milked using three Lely Astronaut A3 robots using ‘three-way grazing’ 1973 
(3WG) on 79 ha of perennial ryegrass (Lolium perenne L.) and white clover (Trifolium 1974 
repens L.) pastures. Grain-based concentrate was offered in the milking robots and 1975 
ryegrass/clover silage (DM = 39.7%, NDF = 58.5%, ADF = 31.2%, CP = 11.2%, DMD 1976 
= 62.6%, ME = 8.6 MJ/kg on DM basis) supplemented in the paddocks. Only cows 1977 
that were present for the entire 56 days were included in the data analysis, resulting 1978 
in 186 cows being analysed. The herd consisted primarily of Friesian - Jersey cross-1979 
bred cows. 1980 
4.51 Pasture Management Data 1981 
Pasture data were collected every Monday, Wednesday and Friday for all pasture 1982 
allocations. Pre-grazing (before cows enter the allocated pasture) and post-grazing 1983 
(after the last cow had exited the allocated pasture) compressed biomass was 1984 
Chapter 4 • Robot Utilisation of Cows with Varying Milking Frequency 
Alex J John PhD Thesis • Page 72 
 
measured using a Rising Plate Meter (360mm diameter, 315g plate weight) fitted with 1985 
an electronic counter (Farmworks, Palmerston North, New Zealand). Between 80 and 1986 
100 individual sward height readings were taken across multiple transects (zig-zag 1987 
pattern) in each paddock, avoiding areas of high cow traffic. The pre- and post-grazing 1988 
compressed sward heights were converted to pasture biomass using the formula:  1989 
biomass (kg DM per ha) = height (cm) x 240 + 500 (Earle 1979). 1990 
The area (ha) of each allocation was recorded using a handheld global positioning 1991 
system. From this, the herbage offered per cow in each individual allocation was 1992 
determined: 1993 
Herbage offered (kg DM per cow) = [pre-grazing biomass (kg DM per ha) - post 1994 
grazing target biomass (kg DM per ha)] x area (ha) ÷ herd size. 1995 
The post-grazing biomass was used to determine the average herbage consumed per 1996 
cow and was calculated: 1997 
Herbage consumed (kg DM per cow) = [pre-grazing biomass (kg DM per ha) - post 1998 
grazing biomass (kg DM per ha)] x area (ha) ÷ herd size. 1999 
The quantity of silage consumed in each allocation was added to the calculated 2000 
herbage intake to determine the total feed consumed per allocation. To determine the 2001 
quantity of silage offered, the average mass per bale was multiplied by the number of 2002 
silage bales fed in each allocation. The average mass per silage bale was determined 2003 
by weighing the silage bales pre-feeding, to obtain an average wet mass (±SD) per 2004 
bale of 765 ± 44 kg. The average wet weight was then converted to DM based on the 2005 
average (±SD) DM percentage of 39.7 ± 8%, calculated from silage samples collected 2006 
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weekly throughout the experiment, resulting in an average mass of 304 kg DM per 2007 
silage bale. 2008 
4.52 Milking Data 2009 
Customised reports were formulated within the Lely milking management system 2010 
‘Time for Cows (T4C)’ to collect animal and milking event data. The data collected for 2011 
each individual animal included: daily milk yield (L per day), milking frequency (milking 2012 
events per day), total grain-based concentrate offered (kg per day), day of lactation 2013 
(days) and live weight (kg). The cow’s I.D., time, date and milk yield (L) of each milking 2014 
event was recorded to determine robot utilisation patterns. The ‘proportion of nights 2015 
milked’ was determined for each cow by counting the number of days with a milking 2016 
event occurring between 2400 and 0559 h. 2017 
4.53 Statistical Analysis 2018 
The dairy herd was divided into three equal sized groups (n=62) according to the cow’s 2019 
mean daily MF over the duration of the experiment. The data were analysed using 2020 
Genestat 16th Edition, with significant effects stated at P < 0.05. Herd RU was analysed 2021 
for all 186 cows using GLMM to determine the fixed effect of hour (2400-0059, 0100-2022 
0159… 2300-2359 h) on the number of milking events (1 = milking event; 0 = no 2023 
milking event), with cow (1, 2 … 186) and day (1, 2 … 56) included as random factors. 2024 
Milking frequency group (low, medium and high) was added to the model to determine 2025 
RU by MF group. The same model was used to determine the number of milking 2026 
events between 2400-0559 h (1 = milking event; 0 = no milking event) for each MF 2027 
group. The effect of MF group (low, medium and high) and pasture allocation (A, B, 2028 
C) was used to determine the timing of milking events (“early” first third of allocation 2029 
time; “mid” second third of allocation time; “late” last third of allocation time). 2030 
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The mean predicted MF and MY were determined for each MF group (low, medium 2031 
and high) using REML, with cow (1, 2 … 186) and day (1, 2 … 56) included as random 2032 
factors. Stage of lactation was determined using the same model, with only the SOL 2033 
of each animal on the first day of the experiment included and day excluded from the 2034 
random effects. The effect of pasture allocation (A,B,C) on feed offered and feed 2035 
consumed was analysed using REML, including day (1,2 …56) as a random effect.  2036 
 2037 
4.6 Results 2038 
Pasture management consisted of three allocations of pasture, split unevenly 2039 
throughout the day in terms of both duration and quantity of herbage, resulting in cows 2040 
consuming varying quantities of feed between the three allocations (Table 2). 2041 
Milking frequency (P < 0.001) and milk yield (P < 0.001) increased across the three 2042 
groups from low to high, as did the proportion of nights with a milking occurring 2043 
between 2400-0559 h (PN) (P < 0.001) (Table 3).  The SOL (P < 0.05) was greater for 2044 
low and medium MF cows compared to high MF cows. 2045 
 2046 
 2047 
Table 2 Three-way grazing parameters 
Allocation A B C 
Gate Times (h) 0930-1730 1730-0230 0230-0930 
Feed Offered (kg ± SD) 6.7a ± 1.3 2.1b ± 0.6 5.5c ± 1.4 
Proportion of Daily Allocation (%) 47.5 14.9 37.6 
Feed Consumed (kg DM/Cow ± SD) 5.2a ± 1.0 1.4b ± 0.5 4.6c ± 1.0 
Gate Times = Period of the day cows are sent to the designated allocation; 
Feed Offered = Herbage and silage; Feed Consumed = Herbage and silage; 
Significance indicated by superscripts (P < 0.05) 
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Table 3 Predicted means for MF Group 
 Low Medium High 
MF (milking events/cow/day) 2.1a 2.5b 2.9c 
MY (L/cow/day) 22.1a 24.9b 29.4c 
SOL (days) 104.4a 103.0a 78.8b 
PN (%) 48.2a 58.3b 78.7c 
n 62 62 62 
MF = Daily Milking Frequency; MY = Daily Milk Yield; SOL = Stage 
of Lactation; PN = Proportion of Nights Milked; n = Number of cows 
in group; Significance indicated by superscripts (P < 0.05) 
Robot utilisation for the whole herd was relatively uniform throughout 24 h, with larger 2048 
decreases in RU (P < 0.001) at 0500, 0800, and 1700 h (Figure 1). With the herd split 2049 
into the three MF groups it is possible to observe the peak milking times for each group 2050 
(Figure 2), with an interaction (P < 0.001) occurring between MF group and time. 2051 
Except for the low MF group at 0600 h, the peak milking time for each pasture 2052 
allocation was unique for all groups. The RU patterns of all three MF groups followed 2053 
a series of three peak milking times, separated by approximately 8 h.   2054 
 2055 
Figure 1 Mean daily milking events per hour for the entire herd, performed by three 2056 
milking robots. Error bars represent SE  2057 
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For the high MF cows, the early period had the greatest proportion of milking events 2058 
(P < 0.001) for all three pasture allocations (Table 4). Medium MF cows had the 2059 
greatest proportion of milking events occurring during the mid-period of pasture 2060 
allocations A and B, with a significant drop in the proportion of milkings occurring 2061 
during the mid-period in allocation C. Low MF cows tended to milk in the mid to late 2062 
period during pasture allocations A and B, with a large drop in the proportion of 2063 
milkings occurring during the mid and late period in pasture allocation C. 2064 
 2065 
Figure 2 Mean daily milking events per hour for high ( ), medium ( ) and 2066 
low ( ) MF groups. Dashed vertical lines denote gate change times. Error bars 2067 
represent SE 2068 
4.7 Discussion 2069 
Attaining a constant flow of cows through the robots, whilst spending minimal time 2070 
waiting in the pre-milking yard, is imperative for efficient RU in AMS. A fairly consistent 2071 
level of RU was achieved throughout 24 h, ranging between 10-23 milking events per 2072 
hour over 24 h (Figure 1). However, large drops in RU occurred at 0500 h and 1700 2073 
h, when cleaning of the robot’s milk lines occurred, and 0800 h, when factory tanker 2074 
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collection of milk occurred. These results are in contrast to RU generally reported for 2075 
pasture-based AMS in the literature (John et al., 2016) with a low level of RU occurring 2076 
between 0200-0400 h, and anecdotal reports suggesting drops in RU to 1-2 milking 2077 
events per robot per hour during 2400-0600 h. Compared with farms where a drop in 2078 
RU occurs between 2400-0600 h, the consistent RU enabled an additional 25 milkings 2079 
per robot, allowing for an additional 10 cows per robot to be supported when milked 2080 
2.5 times per day. The extra 10 cows accounts for approximately 255 L per robot per 2081 
day in additional milk yield. This highlights the potential improvement available to 2082 
pasture-based AMS farmers if consistent RU throughout 24 h can be achieved. 2083 
Table 4 Proportion of milkings (mean % ± SE) occurring either 
early, mid or late within each pasture allocation for high, medium 
and low milking frequency groups. 
  Allocation 
MF Class Milking Time A B C 
High 
Early 54 ± 2.2 57 ± 2.4 38 ± 1.6 
Mid 15 ± 0.6 20 ± 0.8 11 ± 0.4 
Late 24 ± 1.0 38 ± 1.6 25 ± 1.0 
Medium 
Early 28 ± 1.2 31 ± 1.3 29 ± 1.2 
Mid 40 ± 1.6 39 ± 1.6 25 ± 1.0 
Late 15 ± 0.6 21 ± 0.9 10 ± 0.4 
Low 
Early 11 ± 0.4 13 ± 0.6 15 ± 0.6 
Mid 34 ± 1.4 31 ± 1.3 23 ± 0.9 
Late 31 ± 1.3 29 ± 1.2 12 ± 0.5 
Where pasture has been offered in AMS, cows follow a more synchronised 2084 
behavioural pattern in terms of eating and resting (Uetake et al., 1997), presenting for 2085 
milking (Winter and Hillerton, 1995, Jago et al., 2003) and trafficking to and from the 2086 
dairy (Ketelaar-de Lauwere et al., 1999). This synchronised behaviour typical of AMS 2087 
offering grazed pasture often results in inconsistent RU throughout 24 h. However, 2088 
each of the three MF groups in this experiment featured their own distinct RU 2089 
distributions, leading to, overall, a consistent RU for the whole herd. The use of 3WG 2090 
Chapter 4 • Robot Utilisation of Cows with Varying Milking Frequency 
Alex J John PhD Thesis • Page 78 
 
on this farm created distinct peak milking times (Figure 2) throughout the day as the 2091 
cows synchronise their feeding to match the feeding regime used; as demonstrated 2092 
by Livshin et al. (1995), where cows adapted to either four or six times per day feeding 2093 
regimes. The peak milking time for each group occurred at different stages into a 2094 
pasture allocation (Table 4), with high MF cows milking at or around the time of a new 2095 
pasture allocation becoming available, followed by medium and low MF cows later into 2096 
the pasture allocation period. This is contrary to the study by Almeida et al. (2013), 2097 
where cows, grouped by MY, followed the same milking pattern throughout 24 h, with 2098 
peak milking events occurring at the same time for all three groups. It is clear that the 2099 
herd in this study was no longer synchronised as one unit, with a consistent flow of a 2100 
small number of cows attending to the milking robot throughout 24 h, rather than the 2101 
whole herd attending the milking robot at the same time. However, it could be said that 2102 
the herd is still synchronised, but as three sub-herds, based on MF. We suggest the 2103 
unique feed management utilised by the farm in this study provided the optimal 2104 
temporal depletion rate for the available herbage (Lyons et al., 2013), facilitating the 2105 
formation of a consistent “milking order” between the three MF groups. 2106 
The average stage of lactation (SOL) was approximately 25 days less for the high MF 2107 
group, compared to the medium and low MF groups. Previous studies have shown a 2108 
reduction in MF and MY as SOL increased, as cows are typically less motivated to 2109 
traffic around the system later in lactation (Jago, 2006, Lovendahl and Chagunda, 2110 
2011). However, these studies suggest 25 days difference in SOL would have minimal 2111 
effect on the MF of the high MF group and SOL cannot explain the difference in MF 2112 
and RU patterns between the medium and low MF groups. Further work is required to 2113 
determine the other factors linking groups of cows together in AMS where the 2114 
formation of sub-herds occurs. Social rank is one possible explanation for the 2115 
Chapter 4 • Robot Utilisation of Cows with Varying Milking Frequency 
Alex J John PhD Thesis • Page 79 
 
formation of the three sub-herds in this experiment. With the high MF cows gaining 2116 
access to each allocation first, a natural hierarchy based on social rank could be 2117 
forming within the herd, with high MF cows exhibiting a higher social ranking than the 2118 
medium and low MF cows and therefore commanding an early milking spot within a 2119 
given pasture allocation. Scott et al. (2014) found cows followed a consistent milking 2120 
order within a pasture-based CMS. A similar process could be occurring in this 2121 
experiment, with Livshin et al. (1995) observing a defined feeding order, within a herd 2122 
of 50 cows, where attendance to an automatic concentrate feeder was voluntary.  2123 
Social rank has been suggested to influence RU patterns of animals in both indoor 2124 
(Ketelaar-de Lauwere et al., 1996) and pasture-based (Jago et al., 2003) AMS. Jago 2125 
et al. (2003) found that lower ranking animals milked more frequently between 2400-2126 
0600 h, likely due to there being less competition to access the milking robots during 2127 
that period of the night. However, in our experiment the high MF group also had a 2128 
greater proportion of days with a milking event occurring between 2400-0600 h, 2129 
compared to the medium and low MF groups. Whether the cows in this experiment 2130 
were motivated by the ability to access high nutritive value feed early in the pasture 2131 
allocation period, and if motivation is driven by social rank, or common to other 2132 
pasture-based AMS farms, requires further study. 2133 
In our experiment, MY increased by 7.3 L between the low and high MF groups and 2134 
could be attributed to several factors. The difference in MY between the groups could 2135 
partially be associated with the change in MF between the groups, though the 2136 
proportional increase in MY is greater than suggested for the increase in MF observed 2137 
between the groups (Stockdale, 2006). Conversely, the entry time to pasture could 2138 
play a role in this observation, similar to results reported by Scott et al. (2014) in CMS, 2139 
where the first cow milked accessed pasture two hours earlier than the last cow to be 2140 
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milked, resulting in the last cow ingesting herbage with 21% less CP and 15% greater 2141 
ADF content, compared to the first cow to enter the pasture. In our experiment, the 2142 
high MF group are likely to have accessed pasture earlier than the medium and low 2143 
MF groups, and therefore ingested higher quality herbage compared to cows in the 2144 
medium and low MF groups. If this were the case, offering a grain-based concentrate 2145 
of greater protein content to the cows accessing poorer quality herbage could 2146 
potentially benefit MY (Scott et al., 2014). Another option may be to fetch cows more 2147 
often, in order to increase MF and MY of the low MF cows. This strategy has the most 2148 
potential if performed at night, where medium and low MF cows milked less frequently 2149 
and could be enabled in the future by new technologies such as unmanned ground 2150 
vehicles or sound based collars that could automate fetching during the late-night 2151 
period (Wredle et al. 2006). 2152 
4.8 Conclusion 2153 
The incorporation of AMS into pasture-based farming presents unique challenges 2154 
contrasting with ‘indoor’ systems. However, achieving a consistent level of robot 2155 
utilisation throughout 24 h remains a crucial factor in the efficient running of any AMS. 2156 
Until now, there have been no studies on herd dynamics in pasture-based AMS. This 2157 
experiment shows cows within a herd have distinct peak milking times throughout the 2158 
day, based on their MF levels. Furthermore, all three groups milked during the night, 2159 
with the high MF group milking most often at night of the three groups. This observation 2160 
contradicts  other published literature, where a group of lower social rank cows milked 2161 
more frequently at night when there was less competition to access the milking robots, 2162 
whereas in the present study, the cows milking most often at night were also the cows 2163 
that milked most frequently during the day, and suggests that social rank has less of 2164 
a role in milking order at night than previously thought, although social ranking was 2165 
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not studied in this experiment. There are also opportunities to exploit milking order in 2166 
pasture-based AMS. Using milking time to determine the quality of herbage a cow is 2167 
likely to receive at pasture could be used to tailor concentrate rations to individual cow 2168 
requirements, enabling farmers to compensate for the lower quality herbage cows 2169 
receive later into a pasture allocation. There is also potential to increase the proportion 2170 
of milking events between 2400-0600 h of medium and low MF cows, which would 2171 
improve the MF and MY of these cows. This will likely require increased fetching of 2172 
cows during the night. To enable this, automated fetching technologies should be a 2173 
focus for cows that fall into this category. 2174 
 2175 
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CHAPTER 5: Diurnal feed intake and lying behaviour of dairy cows 2243 
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5.1 Overview of Chapter 5 2256 
Chapters 2 and 3 highlighted the need to improve robot utilisation during the early 2257 
morning hours. Manipulating cow feeding activity to be spread more evenly throughout 2258 
24 h was highlighted in Chapter 2 as a key way to improve robot utilisation. In Chapter 2259 
4 it was postulated that varying nutritive value throughout a feed allocation may have 2260 
influenced the motivation of cows to traffic at different times of day. The purpose of 2261 
Chapter 5 was to determine the diurnal feeding pattern of cows, under outdoor 2262 
conditions, when feed quality remains constant. The resting behaviour and intake 2263 
levels of cows when the timing of feeding is restricted were also determined. 2264 
 2265 
 2266 
 2267 
 2268 
 2269 
 2270 
 2271 
 2272 
 2273 
 2274 
 2275 
 2276 
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5.2 Abstract 2277 
The diurnal variation in herbage nutritive value adds a confounding factor to studies 2278 
elucidating the impact of time of day on behaviour. Our work isolates the impact of 2279 
time of day on both feeding and lying patterns for cows outdoors to enable the 2280 
alignment of natural behaviour with management to increase farm efficiency and 2281 
profitability. We determined the diurnal intake patterns and behaviour of dairy cows 2282 
when the nutritive value of feed offered remained constant throughout 24 h in an 2283 
outdoor environment, and when feed access was restricted. Nine non-lactating 2284 
Holstein-Friesian cows (live-weight 626 ± 53 kg, age 96 ± 33 months; mean ± SD) 2285 
were split into 3 groups of 3 and offered lucerne hay cubes (cube size 32 mm) ad 2286 
libitum according to 3 treatments: full access (FA, feed access 24 h), day access (DA, 2287 
feed access between 0600-1800 h) and night access (NA, feed access between 1800-2288 
0600 h). Treatments were applied to individual cows in a 3x3 Latin square design with 2289 
7 d periods. During the last 4 d of each period, data were collected on feed intake, as 2290 
well as feeding and lying behaviours. Total daily intake was greater (P < 0.001) for FA 2291 
(23.0 kg DM per cow per d) compared to the DA and NA treatments at 20.4 and 19.0 2292 
kg DM per cow per d, respectively. The cows with FA consumed 69% of their total 2293 
intake during the day (0600-1800 h), with the greatest intake (39%) occurring during 2294 
1200-1800 h and only 12% of intake occurring during 2400-0600 h. Cows with DA 2295 
consumed 56% of feed during 0600-1200 h and 44% during 1200-1800 h. In contrast, 2296 
NA cows consumed more feed (74%) during the first 6 h period (1800-2400 h), thus 2297 
maximising lying time between 2400-0600 h. The time spent lying throughout daylight 2298 
periods varied between treatments (P < 0.001), however total daily lying time was 2299 
similar across the three treatments. This experiment shows the natural feeding and 2300 
lying behaviours of cows when feed quality remains constant throughout 24 h, 2301 
Chapter 5 • Diurnal Intake of Cows Feed a Consistent Feed 
Alex J John PhD Thesis • Page 87 
 
enabling the formulation of variable feed allocation strategies for future testing in both 2302 
robotic and conventional milking systems. Varying the quantity of feed offered 2303 
throughout 24 h inversely to the natural feeding pattern provided in our study, may 2304 
benefit robot utilization at night in automatic milking systems through increased 2305 
feeding activity. Conversely, aligning feeding on offer with preferred feeding activity 2306 
times in conventional milking systems may increase levels of intake and production. 2307 
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5.4 Introduction 2326 
Understanding the interaction between feeding management and cow feeding 2327 
behaviour is important with the increasing prevalence of precision dairy farming 2328 
technologies, such as automatic milking systems (AMS).  In pasture-based AMS, 2329 
where robots perform milking duties, dairy cows have greater freedom to choose when 2330 
to access fresh pasture. As feed availability is the primary motivation for cows to return 2331 
to the dairy for milking (Prescott et al., 1998), offering fresh feed is the main incentive 2332 
used to encourage voluntary cow traffic in pasture-based AMS (Kerrisk, 2009). 2333 
However, determining the ideal feed allocation throughout 24 h to optimize AMS 2334 
utilization is still unknown, often resulting in low robot utilization between 2400-0600 h 2335 
(John et al., 2016). Managing feeding practices to compliment the natural feeding 2336 
behaviour of dairy cows could improve production in pasture-based dairy systems. To 2337 
solve this issue, we need a clear understanding of cow feeding behaviour and how to 2338 
manipulate it. 2339 
Cows follow a distinct diurnal grazing pattern. For example, Gibb et al. (1998) 2340 
observed 5 grazing bouts per d, most occurring during daylight, and only one nocturnal 2341 
grazing bout occurring between 2200 and 0600 h. The dusk grazing event is the 2342 
longest, occupying approximately 40% of daily total feeding time (Taweel et al., 2004), 2343 
whilst grazing at night accounts for as little as 16% of total daily feeding time (Stobbs, 2344 
1970). The dusk grazing event is also the most intense, with bite rates greater at dusk 2345 
in comparison to dawn feeding events by dairy cows (Taweel et al. 2004) and beef 2346 
heifers (Gregorini et al., 2006). The reason cows follow a diurnal pattern of grazing is 2347 
attributed to several factors, as outlined by Gregorini (2012), including: diurnal 2348 
fluctuations in feed quality, photoperiod, evolved prey species instincts and satiety 2349 
hormones.  2350 
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Diurnal variation in feed nutritive value can influence the feeding behaviour of grazing 2351 
dairy cows, with dusk the most efficient time for ruminants to graze (Gregorini, 2012). 2352 
Daily variation in the nutritive value of ryegrass (Lolium perenne L.) swards has been 2353 
measured by Delagarde et al. (2000), with total soluble carbohydrates in the upper 2354 
strata increasing by 30%, whilst NDF and CP decreased by 6% and 8%, respectively, 2355 
between 0800 and 1900 h. Greater DMI at dusk has also been attributed to a 2356 
corresponding increase in herbage DM content (Gibb et al., 1998). This diurnal 2357 
variation in herbage nutritive value adds a confounding factor to studies elucidating 2358 
the impact of time of day on behaviour. Feeding behaviour studies with cows retained 2359 
indoors circumvent this issue, however the cows’ feeding patterns differ markedly from 2360 
those of cows situated outdoors (O’Connell et al., 1989). Further work is required to 2361 
determine the natural feeding behaviour of cows in outdoor settings in the absence of 2362 
the variation in feed quality present in pasture-based studies. 2363 
Studies restricting time at pasture have found cows will alter their feeding behaviour 2364 
to suite the feed restriction applied, feeding more intensely during the initial phase of 2365 
pasture access when restricted to 8 h at pasture, compared to 24 h access (Clark et 2366 
al., 2010). In addition, restricting access to pasture from 22 to 9 h reduced daily 2367 
herbage intake by 12% and grazing time from 9.2 to 7.3 h per day (Kennedy et al., 2368 
2009). If increased robot utilisation at night is desired due to the tendency of cows to 2369 
lie down and rest at that time (John et al., 2016), the restriction of pasture to increase 2370 
activity at these times may be a solution; however, the impact of day or night time 2371 
restriction of feed on intake and behaviour of cows outdoors is unknown. 2372 
In this study we determined the diurnal feeding behaviour and intake patterns of dairy 2373 
cows when offered a feed of constant nutritive value. A secondary objective was to 2374 
determine the impact of restricting feed access, to either day or night time, on animal 2375 
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behaviour and intake. We hypothesized that cows restricted to feeding during the night 2376 
would have reduced lying time to maintain DMI compared to those cows restricted to 2377 
feeding during the day. We also hypothesized that cows with restricted feed access 2378 
would have lower intakes than unrestricted cows. 2379 
 2380 
5.5 Material and Methods 2381 
Use of animals was approved by the University of Sydney’s Animal Ethics Committee 2382 
(2014/753). The experiment was conducted between 25 May and 14 June 2015 at the 2383 
University of Sydney research farm ‘Mayfarm’, Camden, New South Wales, Australia. 2384 
The daily mean minimum and maximum temperatures were 4.1 ± 3.0ºC and 18.1 ± 2385 
2.2ºC, respectively (mean ± SD). The daily relative humidity at 1500 h was 51 ± 12 % 2386 
(mean ± SD).  Two mm rain was recorded on day 12. The light and dark cycle was 2387 
approximately 10 h and 14 h with sunrise and sunset occurring at approximately 0700 2388 
h and 1700 h, respectively. 2389 
Nine non-lactating, multiparous, non-pregnant, Holstein-Friesian cows (626 ± 53 kg 2390 
live-weight, 96 ± 33 months old; mean ± SD) were introduced to lucerne cube feed 2391 
(cube size 32 mm, DM = 88.7%, NDF = 46.4%, ADF = 39.5%, CP = 18%, DMD = 58.6, 2392 
ME = 8.4 MJ/kg on DM basis; average of daily subsamples collected during the 2393 
experimental period). Lucerne cube was gradually increased to ad libitum levels over 2394 
a 10 d acclimatization period prior to the start of the experiment. Ad libitum lucerne 2395 
hay was also provided during the acclimatization period with a sub-sample taken prior 2396 
to the trial to determine nutritive value (DM = 70.1%, NDF = 51.3%, ADF = 37.3%, CP 2397 
= 20%, DMD = 61.2%, ME = 8.8 MJ/kg on DM basis). On day 7 of the acclimatization 2398 
period, cows were weighed and randomly assigned to 3 treatments (n = 3 cows per 2399 
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treatment) and moved to individual pens (1 cow per pen) and lucerne hay was 2400 
removed from the diet. Pens measured 30x10 m in dimension, arranged adjacent to 2401 
each other in a 2x5 grid (60x50 m total dimension, 10 pens total) and separated by a 2402 
two-wire fence (Figure 1). Also, on day 7 of the acclimatization period, a pilot study 2403 
using the same 9 cows determined the approximate quantity of lucerne cubes the 2404 
experimental cows could consume in a 6 h feeding period following a 16 h period 2405 
(overnight) of fasting. Following the pilot study, the cows remained in their allocated 2406 
pens and were offered ad libitum lucerne cubes with lucerne hay removed from the 2407 
feed allocation. Water was available ad libitum in each pen. Pens’ sward surfaces were 2408 
mown to 3 cm height on the first day of each 7 d period to ensure feed offered was the 2409 
only source of DM. A lick block (Olsson’s Trace Element with Copper and Cobalt; 2410 
Olsson’s, Yennora, Australia) was freely available in each pen. 2411 
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Figure 1 Layout of the 30x10 m pens, separated by two-wire fences, and distribution 2412 
of the three treatment groups (A, B and C). Feeders are represented by green squares 2413 
( ) and water access by blue circles ( ) 2414 
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The experiment duration was 21 d, divided into 3 periods of 7 d in a 3x3 Latin square 2415 
design. Cows were weighed using a Thunderbird SS1000 system (Thunderbird, 2416 
Australia) on the first day of each period prior to the 1200 h feeding. Each period 2417 
consisted of 3 d of habituation, followed by 4 d of data collection. Each day had 4 2418 
feeding periods (0600-1200, 1200-1800, 1800-2400 and 2400-0600 h). Treatments 2419 
comprised of cows offered lucerne cubes ad libitum during all 4 feeding periods (FA, 2420 
full access treatment), in feeding periods 0600-1200 and 1200-1800 h (DA, day 2421 
access treatment) or feeding periods 1800-2400 and 2400-0600 h (NA, night access 2422 
treatment). Cows were offered enough feed to maintain an ad libitum feeding state 2423 
(minimum 10% remaining) in all feeding periods. Feed remaining at the end of each 2424 
feeding period was weighed and replenished. 2425 
A subsample of fresh feed was collected each day during the feeding period at 1200 2426 
h for analysis of DM content. Pre- and post-feeding feed weight was recorded at 2427 
individual cow level for all feeding periods. The difference between pre- and post-2428 
feeding feed weight determined gross intake per cow for each feeding period and was 2429 
converted to DMI using the DM from the corresponding day’s feed sample. A pilot 2430 
study, comprising 50 individual measurements of feed DM pre- and post-feeding, 2431 
determined feed DM decreased by 2.5% from beginning to end of a feeding period 2432 
and was included in the calculation of DMI. 2433 
Feed samples were dried at 70˚C for 48 h and ground to pass through <1 mm sieve. 2434 
Dry matter content was calculated for each individual sample. A separate subsample 2435 
of ground feed samples were used to analyse ADF (ANKOM Technologies, 2014a) 2436 
and NDF (ANKOM Technologies, 2014b) using an ANKOM200 fibre analyser. Total 2437 
nitrogen was determined by combustion (AOAC, 1995) using a LECO FP-628 Nitrogen 2438 
Determinator (Leco Corporation St. Joseph, MI) and used to calculate CP (CP% = 2439 
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6.25 x sample nitrogen %). Feed DMD and ME were determined using the equation 2440 
reported by Oddy et al. (1983) and Primary Industries Standing Committee (2007), 2441 
respectively. 2442 
Cow behaviour was recorded continuously via CCTV (Mobotix M15D, Mobotix Ag, 2443 
Germany), with an infrared (LED) camera used for night recording. To calculate 24 h 2444 
feeding and lying probability, cow behaviour was recorded at 20-minute intervals (e.g. 2445 
0600, 0620 h…) with the behaviour being performed at the designated time recorded. 2446 
The behaviours recorded were feeding (1 = feeding, 0 = not feeding) and lying (1 = 2447 
lying, 0 = standing). Observations were collated for each cow through visual 2448 
observation of the video footage. 2449 
To determine the effect of each feeding treatment on cow feeding and lying behaviour, 2450 
binomial data were fitted with general linear mixed models (GLMM) procedure of 2451 
Genstat version 17 for Windows (VSN International Ltd, Hemel Hempstead, 2452 
Hertfordshire, UK). The interaction between treatment and time were included in the 2453 
models as fixed effects and cow included as a random effect. The probability of cows 2454 
lying was directly compared between treatments. For probability of feeding, the active 2455 
feeding periods for DA (0600-1200 and 1200-1800 h) and NA (1800-2400 and 2400-2456 
0600 h) were directly compared using the above model, whilst time was used as the 2457 
fixed effect for analysis of the 24 h treatment in absence of the other two treatments. 2458 
To calculate the total proportion of observations spent performing either feeding or 2459 
lying behavior over a 24 h period, data were fitted with the same model, with feeding 2460 
treatment as the fixed effect. 2461 
The proportion of total daily intake consumed during each of the 4 feeding periods was 2462 
calculated for each cow. The proportion of daily intake occurring in each feeding period 2463 
Chapter 5 • Diurnal Intake of Cows Feed a Consistent Feed 
Alex J John PhD Thesis • Page 94 
 
was compared using REML variance components analysis, with the interaction 2464 
between treatment and feeding period as fixed effects and period and cow as random 2465 
effects. Total daily DMI was compared between all 3 treatments using REML variance 2466 
components analysis, with treatment as the fixed effect and cow as the random effect. 2467 
 2468 
5.6 Results and Discussion 2469 
A distinct diurnal feeding pattern occurred (Table 1). The greatest intake for cows in 2470 
the FA treatment occurred at sunset (1200-1800 h), similar to observations by Taweel 2471 
et al. (2004), whilst the smallest proportion of intake occurred between 2400-0600 h. 2472 
Daily DMI per cow was greater (P < 0.001) for FA (23.9 kg) compared to DA (20.7 kg) 2473 
and NA (19.4 kg). These DMI, at 3.4%, 3.1% and 2.8% of BW for FA, DA and NA 2474 
respectively, were greater than calculated maintenance requirements, but are 2475 
comparable to previous studies that offered ad libitum lucerne hay (Buchman and 2476 
Hemken, 1964). The reduction in DMI for DA and NA treatments was comparable to 2477 
the 17% reduction observed by Pérez-Ramírez et al. (2009) when cows were 2478 
restricted to 9 h of daily pasture access, compared to 22 h access. Our results suggest 2479 
cows require at least 12 h access to feed to achieve DMI greater than 20 kg DM per 2480 
day. In line with the results presented in Table 1, offering 30-40% of the daily allocation 2481 
after the morning milking and 60-70% after the afternoon milking, would ensure that 2482 
the largest feed allocation coincides with the period of day when feeding activity and 2483 
herbage WSC levels are greatest. Further testing in a pasture-based dairy system is 2484 
required to confirm these observations under grazing conditions.  2485 
 2486 
 2487 
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Table 1 The proportion (mean % ±SEM) of total dry matter 
intake consumed in each feeding period 
 Treatment 
Feeding Period FA1 DA2 NA3 
0600 – 1200 h 29.5 ±0.9a 56.4 ±1.2e * 
1200 – 1800 h 37.7 ±0.8b 43.6 ±1.2b * 
1800 – 2400 h 19.6 ±0.9c * 73.5 ±1.2f 
2400 – 0600 h 13.2 ±0.7d * 26.5 ±1.2a 
1FA = full feed access (24 h).  
2DA = day feed access (0600 to 1800 h).  
3NA = night feed access (1800 to 0600 h). 
a-f Significant difference (P < 0.05) denoted by superscript.  
* Feed not offered during feeding period. 
The probability of cows feeding throughout 24 h decreased (P < 0.001) from 15.3% for 2488 
FA to 12.5% and 11.4% for DA and NA treatments, respectively. Cows with FA were 2489 
observed to follow a diurnal feeding pattern. Major feeding events within the FA 2490 
treatment occurred around dawn (1.5 h) and dusk (2.5 h) and corresponds with 2491 
observations of Gibb et al. (1998) (2 h and 3.3 h, respectively). We also observed 2492 
minimal feeding activity during the 1800 – 0600 h period, which is consistent with 2493 
Stobbs (1970), who reported 34% of total daily grazing time occurred during this 2494 
period. There was an interaction between treatment (DA and NA) and time (duration 2495 
of feed access) (P < 0.01) on feeding behaviour (Figure 2). Cows on these two 2496 
treatments showed an initial spike in feeding activity during the first 60 min of feed 2497 
access. The act of replenishing feed at the beginning of each feeding period may have 2498 
stimulated this spike in feeding activity, however, the absence of this behaviour in the 2499 
FA treatment suggests this behaviour was caused by the preceding period of nil feed 2500 
access, a behaviour also observed by Gregorini et al. (2009). Beyond this initial spike, 2501 
distinct feeding patterns were observed for both the DA and NA treatments. Feeding 2502 
activity was greatest in the first 7 h of feed access for the NA treatment, after which, 2503 
feeding activity decreased until the end of the 12 h feeding period. This result concurs 2504 
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with the observation of Gregorini et al. (2008), who offered heifers fresh herbage at 2505 
1500 h, resulting in the heifers concentrating grazing time during the evening. In 2506 
contrast, feeding activity for the DA treatment was relatively uniform throughout the 2507 
entire 12 h feeding period, with intense feeding activity occurring in the final 3-4 h of 2508 
the feeding period. Gregorini et al. (2006) observed similar feeding patterns in 2509 
response to the timing of fresh pasture allocation. For example, cows offered fresh 2510 
pasture at 0700 h spent the same time grazing in the morning (137 min) and evening 2511 
(127 min), compared to cows offered fresh pasture at 1500 h, which spent twice the 2512 
duration (159 min) grazing in the evening compared to morning (76 min). Our results 2513 
show that dairy cows follow a diurnal feeding pattern in an outdoor environment, 2514 
independent of varying nutritive feed value.  2515 
 2516 
Figure 2 Probability of cows feeding throughout 24 h when offered lucerne hay cubes 2517 
of a consisent nutritive value with full access (24h, ), day access (0600-1800 h, 2518 
) and night access (1800-0600 h, ) 2519 
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 2520 
Figure 3 Probability of cows lying throughout 24 h when offered lucerne hay cubes of 2521 
a consisent nutritive value with full access (24h, ), day access (0600-1800 h,2522 
) and night access (1800-0600 h, ) 2523 
We observed an interaction between treatment (FA, DA and NA) and time of day (P < 2524 
0.01) on lying probability (Figure 3). Lying probability of cows on the FA and DA 2525 
treatments were similar throughout the 24 h period, with a high probability of lying 2526 
between 1800 – 0600 h. In contrast, cows on the NA treatment were less likely to be 2527 
observed lying between 1800 – 2400 h, but compensated by lying more often between 2528 
0600 – 1800 h, whilst prioritising intake during the first 6 h of feed access to maximise 2529 
lying time between 2400 – 0600 h. Despite this, the probability of cows lying throughout 2530 
24 h was similar between treatments (FA 58%, DA 56% and NA 57%), indicating the 2531 
ability of cows to adapt to different feeding strategies without negative impacts upon 2532 
lying time, an important measure of animal welfare (DeVries et al., 2011). Our 2533 
estimation of lying probability is potentially overestimated by 9% (Hirata et al., 2002), 2534 
however, the daily probability of observing cows lying was comparable to studies on 2535 
lying times conducted on indoor AMS (DeVries et al., 2011, Deming et al., 2013). 2536 
Changes in the distribution of lying activity were similar to those observed by DeVries 2537 
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et al. (2005), where cows adjusted their lying patterns to suit either 2x or 4x daily 2538 
feeding frequency in a housed conventional milking system (CMS). This is important 2539 
when considering the changes in diurnal feeding behaviour required of cows in 2540 
pasture-based AMS, as feeding no longer occurs in 1 or 2 discrete allocations during 2541 
the day, as with pasture-based CMS, but is distributed throughout 24 h. Our results 2542 
demonstration cows can quickly adapt their lying behaviour to suit large changes in 2543 
feeding strategy, suggesting changes to feeding management in pasture-based AMS 2544 
should have minimal impact on animal welfare. 2545 
 2546 
5.7 Conclusion 2547 
Our work shows that cows, situated outdoors, follow a diurnal feeding pattern when 2548 
feed quality remains consistent, comparable to previous studies on feeding behaviour 2549 
of cows. Further, cows could adapt their behaviour to suit different feeding restrictions. 2550 
Varying the amount of feed offered throughout 24 h, inversely to the natural feeding 2551 
pattern provided in our study, could be used to increase feeding activity at night, 2552 
without impacting DMI or lying time. Conversely, aligning feeding on offer with 2553 
preferred feeding activity times in CMS, may increase levels of intake and production. 2554 
 2555 
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6.1 Overview of Chapter 6 2659 
The findings within Chapter 5 were used to formulate a “variable allocation” feeding 2660 
strategy, based on the natural feeding patterns of cows, as a method to increase cow 2661 
feeding activity during the early morning hours. Additionally, offering a “preferred feed” 2662 
was also recommended in Chapter 2 as a method to encourage cow feeding activity. 2663 
Both these methods of feed allocation were investigated in Chapter 6 for their 2664 
effectiveness to increase cow feeding activity between 2400-0600 h, when robot 2665 
utilisation in pasture-based automatic milking systems is typically lowest. 2666 
 2667 
 2668 
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6.2 Abstract 2679 
The diurnal feeding patterns of dairy cows affects the 24 h robot utilisation of pasture-2680 
based automatic milking systems (AMS). A decline in robot utilisation between 2400-2681 
0600 h currently occurs in pasture-based AMS, as cow feeding activity is greatly 2682 
reduced during this time. Here we investigate the effect of a temporal variation in feed 2683 
quality and quantity on cow feeding behaviour during 2400-0600 h, as a potential tool 2684 
to increase voluntary cow trafficking in an AMS at night. The day was allocated into 2685 
four equal feeding periods (0600-1200, 1200-1800, 1800-2400 and 2400-0600 h). 2686 
Lucerne hay cubes (CP = 19.1%, water soluble carbohydrate = 3.8%) and oat, 2687 
ryegrass and clover hay cubes with 20% molasses (CP = 11.8%, water soluble 2688 
carbohydrate = 10.7%) were offered as the “standard” and “preferred” (preference 2689 
determined previously) feed types, respectively. The four treatments were: 1. standard 2690 
feed offered ad libitum throughout 24 h (AL); 2. as per AL, with preferred feed replacing 2691 
standard feed between 2400-0600 h (AL+P); 3. standard feed offered at a restricted 2692 
rate, with quantity varying between each feeding period (20:10:30:60%, respectively) 2693 
as a proportion of the (previously) measured daily ad libitum intake (VA); 4. as per VA, 2694 
with preferred feed replacing standard feed between 2400-0600 h (VA+P). Eight non-2695 
lactating dairy cows were used in a 4x4 Latin square design. During each experimental 2696 
period, treatment cows were fed for 7 d, including 3 d habituation and 4 d data 2697 
collection. Total daily intake was approximately 8% greater (P < 0.001) for the AL and 2698 
AL+P treatments (23.1 and 22.9 kg DM/cow) compared to the VA and VA+P 2699 
treatments (21.6 and 20.9 kg DM/cow). The AL+P and VA treatments had 21% and 2700 
90% greater (P < 0.001) DMI between 2400-0600h, respectively, compared to the AL 2701 
treatment. In contrast, the VA+P treatment had similar dry matter intake to the VA 2702 
treatment. Our experiment shows ability to increase cow feeding activity at night by 2703 
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varying feed type and quantity, though, it is possible that a penalty to total dry matter 2704 
intake may occur using VA. The implementation of variable feed allocation on pasture-2705 
based AMS farms is likely to improve milking robot utilisation by increasing cow 2706 
feeding activity at night. 2707 
 2708 
 2709 
 2710 
 2711 
 2712 
 2713 
 2714 
 2715 
 2716 
 2717 
 2718 
 2719 
 2720 
 2721 
6.3 Keywords 2722 
Automatic milking system, grazing, ruminant, feeding behaviour 2723 
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6.4 Introduction 2724 
A thorough understanding of dairy cattle feeding behaviour is required to develop 2725 
complimentary feeding strategies that increase performance of modern dairy systems. 2726 
Dawn and dusk are peak feeding times for cows, with the dusk grazing event 2727 
accounting for approximately 40% of total daily feeding time (Taweel et al., 2004, John 2728 
et al., 2017). In comparison, minimal feeding activity occurs between midnight and 2729 
0600 h, with this period accounting for between 10-15% of total daily feeding time 2730 
(John et al., 2016b). Gregorini (2012) highlighted several factors that influence diurnal 2731 
feeding patterns, such as photoperiod, satiety hormones, diurnal variation in herbage 2732 
quality and predatory instincts. The daily light cycle is theorised to regulate melatonin 2733 
(hunger) and serotonin (satiety) levels, with melatonin regulating several physiological 2734 
pre-meal responses (Gregorini, 2012). Diurnal changes in forage nutritive value, with 2735 
total soluble carbohydrates increasing throughout the day, also make dusk the ideal 2736 
time to graze (Delagarde et al., 2000), with Horadagoda et al. (2009) showing cows 2737 
prefer forage with greater water-soluble carbohydrate (WSC) content. Maximising 2738 
rumen fill at dusk (Williams et al., 2014) provides a pool of slow release energy to last 2739 
throughout the night, when predation is most likely to occur (Gregorini, 2012). These 2740 
factors highlight the complexity governing the natural feeding behaviour of cows. 2741 
Feed availability is the primary motivation for dairy cows to return to the dairy in an 2742 
automatic milking system (AMS) (Prescott et al., 1998) and as such, offering fresh 2743 
feed is the main incentive used to encourage voluntary cow traffic (Kerrisk, 2009). As 2744 
a result, it is largely the decision of cows when to move to a new paddock, often 2745 
causing robot utilisation to be highly variable throughout 24 h, as cows prefer to rest 2746 
during the night. John et al. (2016a) highlighted the link between feeding patterns and 2747 
robot utilisation in AMS, and the potential to improve the uniformity of robot utilisation 2748 
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throughout 24 h by manipulating the diurnal feeding patterns of cows. However, 2749 
current understanding of how varying both feed quantity and quality through time 2750 
affects cow feeding patterns is limited. 2751 
Bach et al. (2007) observed no difference in milk yield, milking frequency, number of 2752 
cows fetched (cows forced to return to the dairy by the farmer) and dry matter intake 2753 
(DMI) after manipulating feed quantity (8 kg/cow/d vs. 3 kg/cow/d of concentrate) at 2754 
the milking robot in AMS. This suggests that manipulation of feeding behaviour 2755 
requires feed provided during the day to be independent of the robot. In the study by 2756 
John et al. (2013), a farmer offering varying quantities of feed in each of three daily 2757 
allocations (40% : 40% : 20% ratio) achieved consistent robot utilisation throughout 24 2758 
h. It is likely, that the smaller pasture allocation offered between 1700-0200 h, provided 2759 
incentive for cows to seek out fresh feed between midnight and 0600 h, as this 2760 
allocation is likely to have been quickly depleted. Nevertheless, this concept still 2761 
requires validation in a controlled environment. 2762 
The objective of this experiment was to determine the effect of temporal variation in 2763 
feed quality and quantity on cow feeding activity between 2400-0600 h. We 2764 
hypothesised the feeding behaviour of non-lactating dairy cows will increase between 2765 
2400-0600 h when offered a high WSC feed type between 2400-0600 h, or when the 2766 
greatest proportion of the daily feed allocation was offered between 2400-0600 h. We 2767 
also hypothesised that DMI could be increased between 2400-0600 h without 2768 
decreasing daily DMI. 2769 
 2770 
 2771 
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6.5 Materials and Methods 2772 
6.51 Animals and Treatments 2773 
Use of animals was approved by the University of Sydney’s Animal Ethics Committee 2774 
(2015/905). The experiment was conducted between 13 October and 16 November 2775 
2016 at the University of Sydney research farm ‘Mayfarm’. Total rainfall recorded 2776 
during the experimental period was 36.2 mm. The light and dark cycle was 2777 
approximately 13 h / 11 h with sunrise and sunset occurring at approximately 0600 h 2778 
and 1900 h, respectively. The mean (±SD) daily minimum and maximum temperatures 2779 
were 10.9 (±3.8) and 26.5 (±3.7) °C, respectively, with an absolute maximum of 35.1 2780 
°C recorded. 2781 
Eight non-lactating, Holstein-Friesian cows (659 ± 103 kg liveweight, 88 ± 32 months 2782 
old, 4.1 ± 2.3 lactation number, 156 ± 28 d pregnant, mean ± SD) were used for the 2783 
duration of the experiment. Fourteen days before the experimental period, cows were 2784 
weighed and allocated to individual pens. Cows were offered 15 kg of lucerne hay 2785 
cubes (DM = 90.7%, NDF = 43.7%, ADF = 34.6%, CP = 19.1%, WSC = 3.8%, DM 2786 
digestibility = 63.1%, metabolizable energy = 9.1 MJ/kg of DM) and gradually 2787 
increased to ad libitum access. The “preferred” hay cubes (DM = 89.6%, NDF = 47.3%, 2788 
ADF = 35.4%, CP = 11.8%, WSC = 10.7%, DM digestibility = 59.3%, metabolizable 2789 
energy = 8.5 MJ/kg of DM) were also gradually introduced over this period and 2790 
increased to ad libitum access. Cows were randomly assigned to 4 treatments (n = 2 2791 
cows per treatment) 7 d before the experimental period and offered feed according to 2792 
the treatment allocated. Following this period, each group progressed to the next 2793 
treatment in the following sequence: ad libitum (AL), ad libitum with preferred feed 2794 
(AL+P), variable allocation (VA), variable allocation with preferred feed (VA+P). The 2795 
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daily DMI for the last 4 d of each AL and AL+P treatment was used to calculate the 2796 
feed allocation for the VA and VA+P treatments occurring in the following week. Pens 2797 
measured 30x10 m in dimension and adjoining pens were separated by a two-wire 2798 
fence. Water was available ad libitum in each pen. The pens’ grassed surfaces were 2799 
mown on the first day of each period to ensure the hay cubes offered was the only 2800 
source of DM. 2801 
 2802 
 2803 
 2804 
 2805 
 2806 
 2807 
 2808 
The experiment duration was 28 d, divided into four periods of 7 d in a 4x4 Latin square 2809 
design. Cows were weighed on the first day of each period prior to the 0600 h feeding 2810 
using a Thunderbird SS1000 system (Thunderbird, Australia). To ensure a steady feed 2811 
intake, each period consisted of 3 d of habituation, followed by 4 d of data collection. 2812 
Each day had 4 feeding periods (0600-1200, 1200-1800, 1800-2400 and 2400-0600 2813 
h) and depending on the assigned treatment, cows were offered lucerne cubes either 2814 
ad libitum or restricted, in combination with offering a “preferred” feed cube in feeding 2815 
period 2400-0600 h (Table 1). To maintain an ad libitum feed state (when applicable), 2816 
cows were offered 13.5 kg DM at the start of each feeding time. The feed remaining 2817 
at the end of each feeding period was weighed and then replenished to the designated 2818 
quantity. The DMI for each of the four feeding times was calculated daily for each cow. 2819 
Table 1 Feed type and quantity offered in the four daily feeding periods for 
each treatment (AL = Ad libitum, AL+P = Ad libitum with preferred feed, VA = 
variable allocation, VA+P = variable allocation with preferred feed) 
 Feeding Period (h) 
Treatment 0600 – 1200 1200 – 1800 1800 – 2400 2400 – 0600 
AL L1 ∞2 L ∞ L ∞ L ∞ 
AL+P L ∞ L ∞ L ∞ P ∞ 
VA L 20 L 10 L 30 L 60 
VA+P L 20 L 10 L 30 P 60 
1 L = Regular feed (lucerne hay); P = Preferred feed (oat/ryegrass/clover hay +20% 
molasses) 
2 ∞ = Ad libitum; number represents the proportion (%) of daily allocation offered 
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Cows were fitted with ngHR-Tags (SCR, Israel), as validated by Molfino et al. (2017), 2820 
to record three behaviour states: feeding, resting (lying and standing idle) and 2821 
ruminating. The tags recorded the predominant behaviour exhibited each min and was 2822 
used to calculate the duration (min) performing each behaviour per hour.  2823 
6.52 Feed Samples 2824 
Fresh feed sub-samples were collected from each 20 kg bag of feed and pooled each 2825 
day for analysis of DM content. Feed weight for both pre- and post-feeding was 2826 
recorded for each cow and for each feeding time. The difference between pre- and 2827 
post-feeding feed weight was used to determine gross intake per cow for each feeding 2828 
time and was converted to DM intake using the DM% obtained from the corresponding 2829 
day feed sample. 2830 
Feed samples were dried at 70˚C for 48 h and ground to <1 mm. Dry matter content 2831 
was determined for each sample. Ground samples were sub-sampled and analysed 2832 
for ADF (Ankom Technologies, 2014a) and NDF (Ankom Technologies, 2014b) using 2833 
an Ankom200 fibre analyser. Total nitrogen was determined by combustion (AOAC, 2834 
1995) using a Leco FP-628 Nitrogen Determinator (Leco Corporation, St. Joseph, MI) 2835 
and used to calculate CP (CP% = 6.25 x sample nitrogen %). Water soluble 2836 
carbohydrate was determined by water extraction (AFIA, 2014). The equations 2837 
reported by Oddy et al. (1983) and Primary Industries Standing Committee (2007) 2838 
were used to determine DM digestibility and metabolizable energy, respectively. 2839 
6.53 Statistical Analysis 2840 
Data were analysed using Genstat 16th Edition (VSN International, UK), with 2841 
significant effects stated at P < 0.05. Normality of data was determined with normal 2842 
probability plots. The mean predicted DMI was determined for each treatment (AL, 2843 
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AL+P, VA, VA+P) using REML, with cow (1, 2… 8), day (1, 2, 3, 4) and week (1, 2, 3, 2844 
4) included as random factors. The mean predicted DMI for the interaction between 2845 
treatment (AL, AL+P, VA, VA+P) and feeding period (0600-1200, 1200-1800, 1800-2846 
2400, 2400-0600 h) was determined using the same model.  2847 
Cow behaviour (feeding, ruminating and resting) was recorded for four cows (four of 2848 
eight collars failed) at one-min intervals and then summed as 60-min blocks. The 2849 
likelihood of each behaviour (feeding, ruminating and resting) being dominant was 2850 
determined using GLMM, with fixed effects of treatment (AL, AL+P, VA, VA+P) and 2851 
hour (0, 1… 23) and random effects of cow (1, 2, 3, 4), day (1, 2, 3, 4) and week (1, 2, 2852 
3, 4). 2853 
 2854 
6.6 Results 2855 
Daily DMI was 7-10% greater (P < 0.001) for ad libitum feeding (AL = 23.1 and AL+P 2856 
= 22.9 kg DM) compared with the restricted feeding treatment (VA = 21.6 and VA+P = 2857 
20.9 kg DM). There was no difference in daily DMI between the AL and AL+P 2858 
treatments, likewise for the VA and VA+P treatments. An interaction (P < 0.001) 2859 
between treatment and time was observed for DMI (Figure 1). Dry matter intake was 2860 
greater between 2400-0600 h for the AL+P treatment, compared to the AL treatment. 2861 
No difference for DMI is observed between the VA and VA+P treatments for any 2862 
feeding period. The VA and VA+P treatments featured lower DMI during the 0600-2863 
1200 and 1200-1800 h feeding periods and greater DMI during the 1800-2400 and 2864 
2400-0600 h feeding periods, compared to the AL and AL+P treatments. Within the 2865 
2400-0600 h feeding period, DMI for the VA treatment was 35% and 46% greater than 2866 
the AL+P and AL treatments, respectively. 2867 
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 2868 
Figure 1 Total daily intake (kg DM) of each treatment during the 0600-1200 h ( ), 2869 
1200-1800 h ( ), 1800-2400 h ( ) and 2400-0600 h ( ) periods. Significant differences 2870 
denoted by superscripts (a, b…, i) 2871 
Four of the ngHR-Tags suffered battery failure, limiting data capture to four cows, 2872 
whilst a fifth tag failed in the final week of the trial. The likelihood that feeding was the 2873 
predominant behaviour was greater (P < 0.01) for the AL+P, VA and VA+P treatments 2874 
(8.2, 8.3 and 8.8%/day, respectively) compared to the AL treatment (5.3%/day). 2875 
Feeding patterns throughout 24 h also varied between treatments (P < 0.001) (Figure 2876 
2). Cows on the AL treatment followed a diurnal feeding pattern, with feeding activity 2877 
greatest in the morning (0900 to 1100 h) and in the afternoon (1700 h). Minimal feeding 2878 
activity occurred between 2000 to 0500 h. Cows on the AL+P treatment had similar 2879 
feeding activity to the AL treatment, with increased feeding activity occurring at 2400 2880 
h and again at 0500 h, compared to the AL treatment. Cows on the VA and VA+P 2881 
treatments exhibited spikes in feeding activity at the start of each feeding time (0600, 2882 
1200, 1800, 2400 h). The VA+P treatment had greater (P < 0.001) feeding activity at 2883 
2400 h, compared with the VA treatment. 2884 
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 2885 
Figure 2 Probability of cows feeding throughout 24 h when offered standard feed ad 2886 
libitum (AL, ), standard feed ad libitum replaced by a preferred feed between 2887 
2400-0600 h (AL+P, ), offered standard feed at variable rate throughout 24 h (VA, 2888 
) and offered standard feed at a variable rate throughout 24 h replaced by a 2889 
preferred feed between 2400-0600 h (VA+P, ) 2890 
Total daily rumination activity was similar for all treatments (AL 20.5, AL+P 25.2, VA 2891 
22.2 and VA+P 20.9%/day). The pattern of rumination activity throughout 24 h varied 2892 
(P < 0.01) across treatments (Figure 3). The AL+P treatment had higher probability of 2893 
ruminating between 0100 to 0400 h compared to the AL treatment, with the VA+P 2894 
treatment showing a similar tendency during the same period. The VA treatment had 2895 
greater probability of ruminating between 1400 to 1700 h, with another peak at 0400 2896 
h, whilst a lower probability of ruminating was observed at 2200 h. 2897 
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 2898 
Figure 3 Probability of cows ruminating throughout 24 h when offered standard feed 2899 
ad libitum (AL, ), standard feed ad libitum replaced by a preferred feed between 2900 
2400-0600 h (AL+P, ), offered standard feed at variable rate throughout 24 h (VA, 2901 
) and offered standard feed at a variable rate throughout 24 h replaced by a 2902 
preferred feed between 2400-0600 h (VA+P, ) 2903 
The total time spent resting was similar for all treatments (AL 56.1, AL+P 48.4, VA 2904 
53.0 and VA+P 49.0%/day). However, resting activity did vary throughout 24 h for each 2905 
treatment (P < 0.001). The AL and AL+P treatments followed a similar resting pattern 2906 
throughout 24 h, with the exception of 0100 h, when resting was 30% lower for the 2907 
AL+P treatment. The VA and VA+P treatments also followed a similar resting pattern 2908 
throughout 24 h, with the VA+P treatment recording a lower probability of resting 2909 
between 2300 to 0100 h. In comparison to the AL and AL+P treatments, the VA and 2910 
VA+P treatments showed a lower probability of cows resting between 1600 to 1700 h. 2911 
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 2912 
Figure 4 Probability of cows resting throughout 24 h when offered standard feed ad 2913 
libitum (AL, ), standard feed ad libitum replaced by a preferred feed between 2914 
2400-0600 h (AL+P, ), offered standard feed at variable rate throughout 24 h (VA, 2915 
) and offered standard feed at a variable rate throughout 24 h replaced by a 2916 
preferred feed between 2400-0600 h (VA+P, ) 2917 
 2918 
6.7 Discussion 2919 
In this experiment, we demonstrated how variable allocation and/or offering a 2920 
preferred feed can increase feeding activity and DMI of cows during the period 2921 
between 2400-0600 h. When cows were placed on the AL treatment, which provided 2922 
our baseline feeding behaviour, cows followed a diurnal feeding pattern which was 2923 
typical of other studies’ observations (Stobbs, 1970, Gibb et al., 1998), with the 2924 
smallest proportion of intake (18%) occurring during 2400-0600 h. When a preferred 2925 
feed was offered between 2400-0600 h (AL+P), the cows redistributed their timing of 2926 
feed intake across 24 h, with the DMI for the 2400-0600 h feeding period increasing 2927 
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by 21%, whilst total daily DMI remained the same. We attribute the increased DMI 2928 
between 2400-0600 h to the cows’ preference for consuming feed with greater WSC 2929 
levels, as observed by Horadagoda et al. (2009). Under the VA treatment, as a result 2930 
of varying the quantity of feed offered throughout 24 h, cows’ diurnal feed intake 2931 
pattern was effectively inverted, achieving the greatest proportional DMI between 2932 
midnight and 0600 h. Despite the failure of 4 activity tags, the data collected from the 2933 
remaining devices were still valuable. The behaviour observed for each treatment was 2934 
consistent between cows, therefore, we have included the behaviour data in the 2935 
results. The feeding activity of cows on the VA and VA+P treatments is characterised 2936 
by short periods of intense feeding activity when fresh feed was offered; this 2937 
synchronisation of feeding activity with feed allocation was also observed by DeVries 2938 
et al. (2003). Combining both preferred and variable feeding into a single treatment 2939 
(VA+P) provided no additional increase to feed intake between midnight and 0600 h. 2940 
Whilst we have shown using variable allocation or offering a preferred feed type can 2941 
increase feeding activity at night, implementing these practices in AMS will require 2942 
further research.  2943 
Dry matter intake and feeding activity were increased in this experiment when a 2944 
preferred feed was offered between 2400-0600 h. However, where a second feed type 2945 
(grazed soybean (Glycine max), WSC = 10.0%) has previously been offered in a 2946 
pasture-based AMS (kikuyu sward (Pennisetum clandestinum Hoach ex Chiov.), WSC 2947 
= 8.5%), no improvement in milk yield or voluntary cow traffic was observed (Clark et 2948 
al., 2014). It is possible the small difference in WSC between the two feeds, provided 2949 
insufficient motivation to increase voluntary traffic. Cows’ ability to learn when a higher 2950 
quality feed is going to be offered also needs to be questioned. In our experiment, feed 2951 
was brought to the cows, allowing cows to determine feed type immediately. This 2952 
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potentially exaggerating the effect of offering a preferred feed, as cows were not 2953 
required to walk to the paddock to determine what feed was being offered, as they 2954 
would in a real AMS system. In contrast, the study by Clark et al. (2014) required cows 2955 
to voluntarily traffic up to 610 m and found the rate cows entered the paddock 2956 
remained consistent between treatments, which suggests cows were unable to 2957 
anticipate when the soybean was going to be offered. In addition, the soybean was 2958 
only offered during the day, which is opposite to the philosophy of this study, possibly 2959 
limiting potential improvement in robot utilisation; though, detailed robot utilisation was 2960 
not recorded so this cannot be confirmed. Our study highlights the potential for a 2961 
preferred feed to increase the motivation of cows to feed at night. However, the optimal 2962 
way to implement this strategy in both pasture-based and indoor AMS requires further 2963 
investigation. 2964 
The large difference in the distribution of DMI and feeding activity of cows in the AL 2965 
and VA treatments demonstrates the importance of varying feed quantity, rather than 2966 
just offering a new allocation of feed at night. The study by Dalley et al. (2001) further 2967 
emphasised this point, as increasing the number of pasture allocations from 1 per day 2968 
to 6 equal allocations per day, including one at 0330 h, only increased feeding activity 2969 
between 2200-0600 h by about 2%. Furthermore, offering an additional allocation of 2970 
pasture (totalling three allocations, or 3-way grazing (3WG)), had minimal effect on 2971 
robot utilisation between midnight and 0600 h (Lyons et al., 2013). In the study by 2972 
John et al. (2013), Farm A featured a consistently high level of robot utilisation 2973 
throughout 24 h and is likely attributable to Farm A’s variable allocation feeding 2974 
strategy. In the same study, Farm B, also utilising 3WG, but with a different pattern of 2975 
variable allocation, had large variability in robot utilisation throughout 24 h. Therefore, 2976 
the method of varying pasture allocations through time is important. The method used 2977 
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by Farm A to vary feed quantity throughout 24 h is similar to our VA treatment, whereby 2978 
the smallest allocation of feed was offered at dusk, the period when cows most actively 2979 
feed. Thus, increasing the appetite of cows at night, resulted in both increased feeding 2980 
activity and robot utilisation during the night. 2981 
The cows on both the VA and VA+P treatments consumed on average 36% of their 2982 
daily intake (approximately 7.8 kg DM), rather than the 40% targeted, between 2400-2983 
0600 h. Time was not a limiting factor as a similar study observed maximum intake of 2984 
14.1 kg DM for a single 6 h period (John et al., 2016b). Rather, it is likely that cows 2985 
compromised daily DMI in favour of resting between 2400-0600 h, with the addition of 2986 
a preferred feed unable to further increase cow desire to feed. This is also seen in a 2987 
study by Helmreich et al. (2014), where cows fed ad libitum in an indoor AMS allocated 2988 
only 15% of their total daily feeding time between 2200-0500 h, with the cows spending 2989 
the majority of this period in the lying area. This is also observed in the feeding and 2990 
lying behaviour of the cows in this study, with minimal feeding activity recorded, and a 2991 
high probability of cows lying and ruminating, between 0100-0400 h. Therefore, as a 2992 
clear result from these studies, no more than 35% of the total daily ration should be 2993 
allocated between 2400-0600 h when implementing a variable allocation strategy on 2994 
farm. 2995 
Our main consideration for obtaining data on lying and ruminating behaviours was to 2996 
ensure there is no negative effect on cow welfare under the various feeding regimes 2997 
tested. Despite the limited data collected in our experiment, cows were observed 2998 
following a diurnal pattern in their ruminating and lying behaviour, as per the results of 2999 
Schirmann et al. (2012). Importantly, the implementation of the variable allocation 3000 
strategies did not negatively affect total lying or rumination time. Perhaps the most 3001 
interesting behaviour observed was the increased feeding activity recorded for the VA 3002 
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and VA+P treatments between 1600 to 1800 h. This coincided with the smallest feed 3003 
allocation (10%) and resulted in the cows “picking” at the ground in search for feed, 3004 
as their allocation of feed cubes had been eaten. Despite having adequate feed within 3005 
a 24 h period, this picking behaviour indicates the crepuscular nature of a cow’s 3006 
motivation to feed, and this behaviour should be exploited in the design of feeding 3007 
management practices for pasture-based AMS. A commercial pasture-based AMS 3008 
with high levels of robot utilisation throughout 24 h appears to have utilised this 3009 
principle, with a fresh allocation of pasture offered at 1700 h likely to have increased 3010 
voluntary cow traffic (John et al., 2013). 3011 
 3012 
6.8 Conclusion 3013 
This study has shown how the use of both variable allocation and variable feed types, 3014 
can be used to manipulate the diurnal feeding behaviour of non-lactating dairy cattle 3015 
without adversely affecting resting or ruminating behaviour. Variable allocation 3016 
provided the greatest increase in feed intake between 2400-0600 h, whilst providing a 3017 
preferred feed also increased feeding intake at night. However, the use of variable 3018 
allocation was associated with a decrease in daily DMI compared to ad libitum 3019 
treatments. Combining both variable allocation and preferred feed, provided no 3020 
additional increase to feed intake between 2400-0600 h compared to variable 3021 
allocation alone. Variable allocation (of feed), offers the most practical method to 3022 
improve robot utilisation and could be easily adapted to current pasture-based AMS 3023 
with a simple adjustment in the quantity of feed offered at each pasture allocation. 3024 
Further experiments, to test this concept on farm, are required to determine if variable 3025 
Chapter 6 • Temporal Variation of Feed Quality and Quantity 
Alex J John PhD Thesis • Page 121 
 
allocation can improve robot utilisation and if so, how to optimise such a management 3026 
strategy. 3027 
 3028 
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7.1 Overview of Chapter 7 3128 
The variable allocation feeding strategy in Chapter 6 showed the greatest potential to 3129 
eliminate or reduce the decline in robot utilisation in the early morning hours, 3130 
characteristic of pasture-based automatic milking systems. Three methods of pasture 3131 
allocation, including 2 methods of variable allocation, were tested in a pasture-based 3132 
automatic milking system across 42 days in spring and summer. Their impact on robot 3133 
utilisation throughout 24 h, cow performance and herbage intake were determined. 3134 
 3135 
 3136 
 3137 
 3138 
 3139 
 3140 
 3141 
 3142 
 3143 
 3144 
 3145 
 3146 
 3147 
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7.2 Abstract 3148 
In pasture-based automatic milking systems (AMS), a decrease in robot utilisation 3149 
(RU) often occurs in the early morning hours. Novel feeding strategies that encourage 3150 
voluntary cow traffic throughout 24 h could help mitigate this problem. We determined 3151 
the impact of 3 distinct pasture allocation methods on RU patterns throughout a 24 h 3152 
period. The experiment was conducted at the University of Melbourne’s “Dookie” 3153 
research farm in northern Victoria, Australia. Three Lely Astronaut A3 robotic milking 3154 
units milked 133 cows, grazing pasture, with concentrate offered at milking in the 3155 
robots. The farm operated a system of 3-way grazing, with active access to each 3156 
pasture allocation: 2030-0400 h (allocation A), 0400-1330 h (allocation B) and 1330-3157 
2030 h (allocation C). Treatments varied in the quantity of feed offered/h of active 3158 
access to each of the 3 pasture allocations. The CONTROL treatment offered the 3159 
same proportion of feed (4.17%/h) in all 3 pasture allocations. The DAY treatment 3160 
offered the largest proportion of feed during the day (allocation A = 2.67%/h, B = 3161 
4.21%/h and C = 5.71%/h), following the cows’ diurnal pattern of feeding activity. The 3162 
NIGHT treatment offered the largest proportion of feed at night (allocation A = 5.71%/h, 3163 
B = 4.21%/h and C = 2.67%/h). Due to the nature of pasture-based AMS, treatments 3164 
could not be applied simultaneously. Therefore, treatments were applied to the entire 3165 
herd and repeated twice over 42 d, lasting seven days/treatment, with the first 3 days 3166 
for habituation, followed by 4 d of data collection. Robot utilisation (milkings/h) varied 3167 
throughout 24 h between treatments, with the night treatment recording greater RU at 3168 
1600, 1800 and 1900 h and lower RU between 2100 to 0100 h, compared to the day 3169 
treatment. Day and night treatments did not improve RU at night, with the proportion 3170 
of the herd milking between 2400-0600 h greater for the control (43.3%) and day 3171 
(45.3%) treatments compared with the night treatment (25.8%). Herd-average daily 3172 
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herbage intake was similar (10.5 kg DM) for all treatments. This experiment is the first 3173 
to demonstrate the manipulation of RU by varying the quantity of pasture offered. 3174 
However, the use of variable allocation didn’t improve RU between midnight and 0600 3175 
h, with the timing of allocation likely to also play a role. We recommend further 3176 
research focus on combining both timing and quantity of pasture allocated in order to 3177 
improve RU in pasture-based AMS. 3178 
 3179 
 3180 
 3181 
 3182 
 3183 
 3184 
 3185 
 3186 
 3187 
 3188 
 3189 
 3190 
7.3 Keywords  3191 
Automatic milking system, milking frequency, grazing, voluntary traffic  3192 
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7.4 Introduction 3193 
The combination of grazing pasture and automatic milking systems (AMS) is well 3194 
proven in Australia, with the FutureDairy project demonstrating high levels of pasture 3195 
utilisation can be achieved (Clark et al., 2016). Currently, over 40 farms with AMS are 3196 
operating throughout Australia, with the majority utilising grazed pasture as the main 3197 
feed source. However, combining AMS with grazed pasture presents many unique 3198 
challenges, with the whole farming system requiring modification to accommodate 3199 
AMS. An individual robotic milking unit is capable of milking 7-8 cows/hour and 3200 
establishing an evenly distributed robot utilisation (RU) throughout 24 h is key to the 3201 
efficiency of the system (Kerrisk, 2010). John et al. (2013) estimated an additional 10 3202 
cows/robot could be supported when a consistent RU pattern throughout 24 h could 3203 
be achieved. Further, as pasture-based AMS operate a system of semi-forced cow 3204 
traffic, consistent cow flow to the dairy is essential to avoid extended waiting times, 3205 
which can have a detrimental impact on animal welfare, especially for low socially 3206 
ranked cows (Halachmi, 2009).  3207 
A reduction in the number of milking events occurring in the early morning hours is 3208 
often reported in pasture-based AMS, creating inconsistency in RU throughout 24 h 3209 
(John et al., 2016b). This decline in RU during the early morning hours is more 3210 
pronounced in pasture-based systems, compared to indoor systems (John et al., 3211 
2016b), which we attribute to the greater synchrony of cows when at pasture, 3212 
compared to when indoors (Ketelaar-de Lauwere et al., 1999). Other factors may also 3213 
contribute to inconsistent RU in pasture-based AMS, such as distance to pasture, 3214 
stage of lactation, weather conditions, social hierarchy and feed management. From 3215 
these factors, feeding management can be readily altered by farmers to manipulate 3216 
the system. 3217 
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Feed is the main incentive used to encourage cows to voluntarily traffic throughout an 3218 
AMS (Prescott et al., 1998) with the variation in RU likely due to the crepuscular nature 3219 
of cows, with feeding activity peaking at sunrise and sunset and grazing at night 3220 
accounting for only 15% of daily grazing time (Stobbs, 1970). Thus, manipulating 3221 
feeding patterns of cows to be more evenly distributed throughout 24 h should also 3222 
provide a benefit to RU. The motivation of cows to voluntarily return from pasture has 3223 
been proven to increase as sward height, and therefore available herbage biomass, 3224 
decreases (Ketelaar-de Lauwere et al., 2000). Studies conducted with indoor AMS 3225 
have concluded increasing concentrate feed at the robot to provide no improvement 3226 
to milking frequency (MF) (Halachmi et al., 2005, Bach et al., 2007). Increasing the 3227 
number of feed allocations from 2x to 4x in an indoor dairy system was shown to 3228 
increase the duration of feeding at night by 14 min (DeVries et al., 2005), however, 3229 
implementing multiple pasture allocations in pasture-based AMS can be complex as 3230 
individual laneways are usually required for each additional pasture allocation. Lyons 3231 
et al. (2013) offered 3 allocations of pasture in 24 h (3WG), rather than 2 pasture 3232 
allocations as is typical in conventional pasture-based dairy farming, which increased 3233 
MF and MY by 40% and 20%, respectively, and reduced extended milking intervals 3234 
(MI) by 31%. They concluded that smaller and more frequent allocation of pasture 3235 
increased the rate of feed being depleted, increasing the motivation of cows to 3236 
voluntarily traffic in search of fresh pasture. John et al. (2013) associated planned 3237 
variable pasture allocation in 3WG with consistent and high RU throughout 24 h in a 3238 
commercial pasture-based AMS. Whilst the success of 3WG has seen the practice 3239 
widely adopted on pasture-based AMS in Australia, farmers still report a drop in RU 3240 
during the early morning hours.  3241 
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Despite the importance of RU to AMS, the majority of AMS research has focused on 3242 
MF, and no research to date has determined the ability to manipulate the temporal 3243 
distribution of milking events. We determined the effect of temporal variation in pasture 3244 
allocation on the RU of a pasture-based AMS. We hypothesised that using variable 3245 
allocation would increase the number of milking events between 2400-0600 h. We 3246 
also hypothesised that MF, MY and herbage intake would increase, due to better 3247 
voluntary trafficking on the variable allocation treatments, and in turn reduce extended 3248 
MI >16 h. 3249 
 3250 
7.5 Materials and Methods 3251 
The use of animals was approved by The University of Melbourne Animal Ethics 3252 
Committee (Project Number: 1413349). The experiment was conducted between 3253 
November 10 and December 21, 2016, at The University of Melbourne’s Dookie 3254 
Research Farm, Dookie, Victoria, Australia. Above average rainfall was experienced 3255 
in the first 2 wk of the experiment, with rainfall for the remainder of the experiment 3256 
typical for November and December (Table 1). The light/dark cycle during the 3257 
experiment was approximately 14 h and 10 h, with sunrise and sunset occurring at 3258 
about 0600 h and 2000 h, respectively. 3259 
Table 1 Weekly (mean ± SD) minimum temperature, maximum temperature and total rainfall 
 Week 
 1 2 3 4 5 6 
Min T1 (ºC) 8.5 ± 2.3 11.7 ± 3.9 8.1 ± 2.0 10.6 ± 3.2 9.7 ± 2.4 10.1 ± 2.7 
Max T2 (ºC) 22.5 ± 4.6 29.3 ± 6.3 25.9 ± 4.6 30.5 ± 2.8 27.9 ± 6.2 27.2 ± 2.4 
Rainfall (mm) 25.6 24.4 0.0 3.2 6.0 2.8 
1Minimum Temperature 
2Maximum Temperature 
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Three Lely Astronaut A3 robots milked 143 Holstein-Friesian cows (decreasing to 130 3260 
cows as the experiment progressed). The total grazing area was 41 ha, with the 3261 
predominant sward consisting of a perennial ryegrass (Lolium perenne L.) and white 3262 
clover (Trifolium repens L.) (DM = 24.8%, NDF = 53.6%, ADF = 34.4%, CP = 15.3%, 3263 
WSC = 8.1%, DMD = 61.7%, ME = 8.9 MJ/kg on DM basis), with 6 ha of Persian clover 3264 
(Trifolium resupinatum L.) also in the grazing rotation. Clover silage (DM = 50.0%, 3265 
NDF = 42.0%, ADF = 38.6%, CP = 17.7%, WSC = 3.8%, DMD = 59.2%, ME = 8.5 3266 
MJ/kg on DM basis) was provided in the paddock to supplement pasture when 3267 
required. Pellets (CP = 16%, ME = 12.5 MJ/kg DM) were offered at milking, in the 3268 
robots, at a rate of 5 kg/d for cows with MY <20kg, 7 kg for MY between 20-25 kg and 3269 
an extra 1 kg of pellets offered per 5 kg additional MY thereafter. Average pellet 3270 
consumption was 8.7 kg DM/cow/day during the experimental period. The farm 3271 
operated a 3WG system, with automatic drafting gates, located at the dairy, routing 3272 
cows to the designated pasture allocation. Milking permission was granted six hours 3273 
following any previous milking event. 3274 
7.5.1 Treatments 3275 
Due to the design of pasture-based AMS farms, applying each treatment in duplicate 3276 
would have required 6 individual farms, each with their own AMS. As this was not 3277 
possible, treatments were applied to the entire herd over a 42 d period, with each 3278 
treatment lasting for 7 d and repeated twice. Within each 7 d treatment period, the first 3279 
3 d was an habituation period, followed by 4 d data collection. The quantity of pasture 3280 
offered during the experimental period varied according to treatment (see Table 2). 3281 
Active access times for each pasture allocation were based on the research farm’s 3282 
current operating procedure. Both feed quantity and duration of pasture allocation are 3283 
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used to calculate the proportion of feed offered (%/h). The CONTROL treatment 3284 
allocated the same amount of feed for all pasture allocations. The DAY treatment 3285 
allocated a larger quantity of pasture during the day (allocation C), followed by a 3286 
smaller quantity of pasture during the night (allocation A). The NIGHT treatment 3287 
allocated a smaller quantity of pasture during the day (allocation C), followed by a 3288 
larger quantity of pasture during the night (allocation A). For this study, both DAY and 3289 
NIGHT treatments are considered as methods of variable allocation. 3290 
 3291 
7.5.2 Pasture measurements 3292 
Pasture measurements occurred every Monday, Wednesday and Friday for all pasture 3293 
allocations. Compressed biomass was measured using a calibrated Rising Plate Meter 3294 
(360 mm diameter, 315 g plate weight) fitted with an electronic counter (Farmworks, 3295 
Palmerston North, New Zealand) for pre-grazing (before dairy cattle enter the 3296 
allocated pasture) and post-grazing (after the last cow had exited the allocated 3297 
pasture). Between 80 and 100 individual sward height readings were taken across 3298 
multiple transects (zig-zag pattern) in each paddock, avoiding areas of high cow traffic. 3299 
Table 2 Experimental treatments, including quantity of pasture allocated and 
proportion of pasture allocated per hour of access for each pasture allocation 
  Allocation A1  Allocation B2  Allocation C3 
Treatment  Quantity % / h4  Quantity % / h  Quantity % / h 
Control  31.3% 4.17%  39.6% 4.17%  29.2% 4.17% 
Day  20.0% 2.67%  40.0% 4.21%  40.0% 5.71% 
Night  42.9% 5.71%  40.0% 4.21%  18.7% 2.67% 
17.5 h duration between 2030-0400 h 
29.5 h duration between 0400-1330 h 
37 h duration between 1330-2030 h 
4Proportion of feed allocated/h of active access to allocation 
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The pre- and post-grazing compressed sward heights were converted to herbage 3300 
biomass using the formula calibrated for the farm at the beginning of the experiment 3301 
following the method of Earle and McGowan (1979):  3302 
biomass (kg DM/ha) = height (cm) x 130 – 616 3303 
The area (ha) of each allocation was recorded using a handheld global positioning 3304 
system (Garmin Ltd., Canton of Schaffhausen, Switzerland). From this, the herbage 3305 
offered per cow in each individual allocation was determined: 3306 
Herbage offered (kg DM/cow) = [pre-grazing biomass (kg DM/ha) - post grazing 3307 
target biomass (kg DM/ha)] x area (ha) ÷ herd size 3308 
The post-grazing biomass value was used to determine the average herbage 3309 
consumed per cow using the following equation: 3310 
Herbage consumed (kg DM/cow) = [pre-grazing biomass (kg DM/ha) - post grazing 3311 
biomass (kg DM/ha)] x area (ha) ÷ herd size 3312 
7.5.3 Cow data 3313 
The Lely milking management software “Time 4 Cows” was used to create custom 3314 
reports for collection of milking event and animal data. Cow I.D., date, time and milk 3315 
yield (L) were recorded for each milking event. Daily milk yield (L/cow/d), milking 3316 
frequency (milkings/cow/d), grain intake (kg/cow/d), stage of lactation (d) and 3317 
rumination time (min/cow/d) were collected in a second report. Rumination was 3318 
recorded by the Time 4 Cows software using Qwes HR-LDn activity collars (Lely, The 3319 
Netherlands) fitted to each cow. Cows were required to voluntarily exit each pasture 3320 
allocation by a pre-determined time (allocation A = 0930 h, allocation B = 1700 h and 3321 
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allocation C = 0730 h), cows remaining in the paddock at these times were “fetched” 3322 
and guided back to the milking robot. 3323 
7.5.4 Pasture quality 3324 
Pasture samples were collected from all 3 pasture allocations (A, B, C) 3 times/wk, 3325 
when the pasture measurements were taken. Silage samples were also collected 3326 
when silage was fed. Dry matter was determined by drying samples for 48 h at 70 °C, 3327 
before being ground to pass through a 1 mm sieve. A subsample of the ground feed 3328 
was used to determine ADF (ANKOM Technologies 2014a) and NDF (ANKOM 3329 
Technologies 2014b) using an ANKOM200 fibre analyser. Total nitrogen was 3330 
determined by combustion (AOAC, 1995) using a LECO FP-628 Nitrogen 3331 
Determinator (Leco Corporation St. Joseph, MI) and used to calculate CP (CP% = 3332 
6.25 x sample nitrogen %). Pasture dry matter digestibility and ME were determined 3333 
using the equation reported by Oddy et al. (1983) and Primary Industries Standing 3334 
Committee (2007), respectively. 3335 
7.5.5 Statistical analysis 3336 
Statistical analysis was performed using Genstat 17th Edition, with significance 3337 
determined at P < 0.05. Robot utilisation (milkings/h) was determined using REML, 3338 
with hour (H) (0, 1… 23) and treatment (T) (control, day, night) as fixed effects and 3339 
cow (C) (1, 2… 143) and week (W) (1, 2… 6) as random factors, using the following 3340 
model: 3341 
Yijkl = Ti +Hj + THij + Ck + Wl + Ɛijkl 3342 
where Y is the dependent variable (RU) and Ɛij is the random error. Differences in the 3343 
mean daily milking frequency (MF), milk yield (MY), stage of lactation (SOL) and grain 3344 
intake due to the fixed effect of treatment (T) (control, day, night) were determined 3345 
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using REML, with cow (C) (1, 2… 143) and week (W) (1, 2… 6) as random effects, 3346 
using the following model: 3347 
Yikl = Ti + Ck + Wl + Ɛikl 3348 
where Y is the dependent variable (MF, MY, SOL, grain intake and rumination time) 3349 
and Ɛij is the random error. The proportion of the herd with a milking event between 3350 
2400-0600 h and the proportion of milking events exceeding 16 h MI were analysed 3351 
using GLMM, using the same model as above. The effect of treatment (T) (control, 3352 
day, night) and pasture allocation (P) (A, B, C) on cows fetched was determined using 3353 
REML, with cow (C) (1, 2… 143) and week (W) (1, 2… 6) included as random effects, 3354 
using the following model: 3355 
Yijkl = Ti +Pj + TPij + Ck + Wl + Ɛijkl 3356 
where Y is the dependent variable (cows fetched) and Ɛij is the random error.  3357 
 3358 
7.6 Results 3359 
Daily herbage intake did not differ (P = 0.90) between treatments (Table 3). Milk yield 3360 
was 3.4% greater (P < 0.001) for the DAY and NIGHT treatments compared with 3361 
CONTROL treatment. Milking frequency was 5% greater (P < 0.001) for the NIGHT 3362 
treatment compared with the CONTROL and DAY treatments. CONTROL grain intake 3363 
was 4.9% greater than the NIGHT treatments, which was in turn 6.2% greater than the 3364 
DAY treatment. Milk solids production (milk fat and milk protein %) were greatest for 3365 
the CONTROL treatment decreasing by 0.4% to the DAY treatment and a further 1.4% 3366 
reduction for the NIGHT treatment. Cows spent 25 min longer ruminating per day 3367 
during the DAY and NIGHT treatments, compared with the CONTROL treatment. The 3368 
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proportion of the herd being milked between 2400 and 0600 h was 26% lower for the 3369 
NIGHT treatment as compared with either CONTROL and DAY treatments. There was 3370 
an interaction (P = 0.038, LSD = 17.0) between treatment and pasture allocation on 3371 
the number of cows fetched. No difference was observed between treatments for cows 3372 
fetched from the A allocation (CONTROL 25.1, DAY 23.0 and NIGHT 20.8 cows/d). 3373 
The number of cows fetched from the B allocation, did not differ between treatments 3374 
(CONTROL 26.4, DAY 16.6 and NIGHT 14.6 cows/d), nor with number of cows 3375 
fetched from the A allocation. Significantly fewer cows required fetching from the C 3376 
allocation during the CONTROL (1.3 cows/d) and NIGHT (0 cows/d) treatments, 3377 
compared to the number cows fetched from the A allocation under all treatments, and 3378 
also the B allocation for CONTROL. Whilst the number of cows fetched from the C 3379 
allocation during the DAY (12.6 cows/d) treatment did not differ from any other 3380 
allocation. 3381 
Table 3 Predicted means for animal performance during each treatment 
(CONTROL, DAY and NIGHT), reported on a per cow per day basis 
 Treatment   
 
Control Day Night SED P Value 
Milk Yield (L/d) 27.6a 28.6b 28.5b 0.19 <0.001 
MF1 (milkings/d) 2.44a 2.47a 2.35b 0.03 <0.001 
Herbage intake (kg DM/d) 9.9 10.9 10.7 2.3 0.901 
Grain intake (kg/d) 8.44a 7.53b 8.03c 0.12 <0.001 
Rumination time (min/d) 335a 360b 361b 3.2 <0.001 
1MF = Milking Frequency 
There was a significant interaction (P < 0.001) between treatment and hour for RU 3382 
throughout 24 h (Figure 1). Throughout the B pasture allocation, the NIGHT treatment 3383 
had 24% more milking events at 0800 and 50% fewer milking events at 1100 h, 3384 
although, milking events were similar across all treatments for the remainder of the 3385 
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allocations. Robot utilisation varied throughout the C pasture allocation, the largest 3386 
difference at 1800 and 1900 h, when the NIGHT treatment had 83% and 85% more 3387 
milking events, respectively, compared to the DAY treatment. The DAY treatment had 3388 
29-44% more milking events during the first 2 hours (2100 and 2200 h) of the A pasture 3389 
allocation compared to the other 2 treatments. The number of milking events increased 3390 
at 2300 h for the CONTROL treatment, the NIGHT treatment recording 31% fewer 3391 
milking events at 2300 and 2400 h than the other 2 treatments.  3392 
 3393 
Figure 1 Robot utilisation shown as the number of milking events performed per hour 3394 
for the control ( ), day ( ) and night ( ) treatments. Each of the three daily 3395 
pasture allocations are denoted by capital letters (A, B and C) and vertical dashed 3396 
lines. Significant differences within hour are indicated by letters (a, b, c) 3397 
The proportion of cows presenting for milking between 2400-0600 h was greater (P < 3398 
0.001) for the CONTROL (43.3%) and DAY (45.3%) treatments, compared to the 3399 
NIGHT (25.8%) treatment. The proportion of milking events with milking intervals 3400 
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exceeding 16 h was greater (P < 0.05) for the CONTROL (2.4%) treatment compared 3401 
to the NIGHT (1.4%) treatment, whilst the DAY (1.9%) treatment did not differ from 3402 
either of the other 2 treatments. 3403 
 3404 
7.7 Discussion 3405 
Achieving a high and consistent level of RU throughout 24 h is key to maximising 3406 
efficiency of pasture-based AMS. The objective of this study was to determine the 3407 
effect of 3 methods of pasture allocation on RU, cow performance and system 3408 
performance in a pasture-based AMS. The experiment was conducted with individual 3409 
treatments applied to the whole herd, as per Lyons et al. (2013), with treatments 3410 
replicated to account for variation due to time. We showed that RU can be manipulated 3411 
with the use of variable allocation of pasture (day and night treatments). Though, the 3412 
aim of achieving consistent RU throughout 24 h was not achieved by any of the 3413 
treatments.  3414 
The variable allocation treatments (DAY and NIGHT) in our study did not eliminate 3415 
variability in RU, with decreased milking events occurring in the middle of the day and 3416 
during early morning hours. This reflects the results obtained for farm B in a study by 3417 
John et al. (2013), whilst contrasting the results of farm A from the same study. We 3418 
expected the NIGHT treatment to perform the best, with similar pasture management 3419 
to John et al. (2013) studies, Farm A, where a small pasture allocation was offered 3420 
prior to midnight followed by a larger pasture allocation. Further, the feeding behaviour 3421 
observed by Dalley et al. (2001) showed pasture offered 6 times per day (including 3422 
allocations at 2400 and 0330 h) compared to once per day, increased grazing time 3423 
between 2000 – 0600 h by only 4%, suggesting offering a fresh pasture allocation only 3424 
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provides minimal incentive to increase voluntary traffic. However, the contrasting 3425 
results of our study, compared to the study by John et al. (2013), whereby the 3426 
changeover from small to large pasture allocation occurred at 0200 h (compared to 3427 
2100 h in our study), suggests that the timing of pasture allocation, along with variable 3428 
allocation, are both equally important in achieving a consistent RU throughout 24 h. 3429 
We hypothesize that a fresh pasture allocation offered at midnight would increase RU 3430 
between midnight and 0600 h, as cows would be required to traffic past the robots 3431 
after midnight in order to receive fresh pasture, rather than being able to traffic in the 3432 
period between 9pm and midnight and then stay in the paddock for the remainder of 3433 
the night, as happened in the present study; but this requires further study.  3434 
Robot utilisation was successfully manipulated within individual pasture allocations by 3435 
offering different quantities of feed. The NIGHT treatment featured an increase in RU 3436 
towards the end (1800 – 2000 h) of the smaller C pasture allocation period. We 3437 
attribute this increase in RU to herbage being depleted more rapidly during smaller 3438 
pasture allocations, similar to the smaller allocation provided between 1700 – 0200 h 3439 
reported in the study by John et al. (2013), motivating the cows to exit the paddock in 3440 
search of fresh pasture. These results agree with the study by Ketelaar-de Lauwere 3441 
(2000), who found cows returned from pasture more frequently as sward height 3442 
decreased. The following, larger pasture allocation (A), offered in the NIGHT treatment 3443 
was detrimental to RU, recording the lowest proportion of milking events between 2400 3444 
– 0600 h. As a result, our study did not achieve consistent RU throughout 24 h. This 3445 
result could be expected, as cow feeding activity decreases from midnight, in most 3446 
instances (Gibb, 2006, John et al., 2016a). Further, with 105 milking events occurring 3447 
between 1600 and 2100 h, and the A pasture allocation beginning at 2030 h, the 3448 
majority of the herd would gain access to the B allocation as soon as it became 3449 
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available, without requiring to be milked, as milking permission had not yet been 3450 
granted. With no cows fetched from the C pasture allocation in the NIGHT treatment, 3451 
we suggest most cows moved through to the B allocation as soon as it became 3452 
available, whilst the remainder of the herd volunteered for milking between 2100 and 3453 
2400 h, after which we observed a large drop in the number of milking events from 3454 
midnight onwards. Shifting the time of access to the A pasture allocation back to 3455 
midnight, as per the study by John et al. (2013), coupled with the increased voluntary 3456 
trafficking associated with the end of the C pasture allocation, may have achieved the 3457 
objectives of the study. The DAY treatment had 45% fewer milking events, compared 3458 
to the NIGHT treatment, at the end of the C pasture allocation. We expect this result, 3459 
based on the results of Ketelaar-de Lauwere et al. (2000), who found that MF was 3460 
15% lower with greater sward height. An increase in milking events occurred at 2000 3461 
h during the DAY treatment, which could be a result of both dominant and highly 3462 
motivated cows seeking first access to pasture (Jago et al., 2003). The higher number 3463 
of milking events recorded between 2100 and 0100 h for the CONTROL and DAY 3464 
treatments are likely due to cows depleting the larger C pasture allocation at this time 3465 
(Lyons et al., 2013). Based on the evidence presented in the present study, farm 3466 
managers can be confident in the ability to manipulate short term RU by changing the 3467 
quantity of feed offered in individual allocations. 3468 
We observed an 80% reduction in RU between 1100 – 1400 h, coinciding with the 3469 
hottest part of the day. Heat stress has been proven to have a large effect on dry 3470 
matter intake, milk production and activity of cows (West, 2003), and subsequently 3471 
impact voluntary traffic in AMS. This heat-related behaviour has been previously 3472 
reported by Ketelaar-de Lauwere et al. (1999), who observed cows seeking out shade 3473 
and water as black globe humidity index increased. A 20% reduction in RU during the 3474 
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peak heat of the day has also been observed in indoor AMS and was overcome by 3475 
installing cow cooling at the milking units and modifying the concentrate feeding 3476 
regime (Halachmi, 2004). A paddock shaded by trees was used to provide relief for 3477 
cows in our study, and as a result, the reduction in RU was much greater compared 3478 
to the previously mentioned indoor system. The addition of shaded housing near the 3479 
dairy (Wildridge et al., 2017), in association with a feed-pad, would have helped 3480 
mitigate the heat stress on the cows in our study, whilst still allowing for a feed 3481 
allocation to be provided, and could be further aided by cooling at the robot, similar to 3482 
the study reported by Halachmi (2004). Such methods of heat mitigation represent a 3483 
significant investment and are not yet commonplace in Australia, however, they do 3484 
represent a significant opportunity to eliminate reductions in RU during the hottest 3485 
periods of the day. 3486 
Dry matter intake was comparable between treatments in our study. This highlights 3487 
the adaptability of dairy cattle, considering the contrast in temporal feed allocation 3488 
between the 3 treatments, as also shown in the study by John et al. (2017), where 3489 
cows had limited access to feed for only 12 h during the day or 12 h during the night. 3490 
Studies investigating increased feeding frequency in a controlled environment (Dalley 3491 
et al., 2001) and pasture-based AMS (Lyons et al., 2013) likewise found no difference 3492 
in daily dry matter intake. Similarly, a study of “inaccurate” pasture allocation in an 3493 
AMS, where the quantity of pasture offered between allocations varied, compared to 3494 
pasture being allocated consistently, found dry matter intake similar for both 3495 
treatments (Dickeson, 2010). We did observe an increase in MY for the variable 3496 
allocation treatments, despite the increased grain intake for the CONTROL treatment, 3497 
which was possibly a compensatory response to changes in herbage intake, as 3498 
previously seen in the study by Lyons et al. (2013). The MF for the NIGHT treatment 3499 
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was reduced compared to the other treatments, which we associate with reduced 3500 
number of milking events between midnight and 0600 h. 3501 
 3502 
7.8 Conclusion 3503 
Our study demonstrated the ability to manipulate RU within individual pasture 3504 
allocations, by varying the quantity of feed offered within the allocation. Based on the 3505 
evidence presented in our study, farm managers can be confident in the ability to 3506 
manipulate short term RU by changing the quantity of feed offered in individual 3507 
allocations. However, variable allocation didn’t eliminate the reduction in RU between 3508 
midnight and 0600 h. From our results, combined with those of other studies in the 3509 
literature, we postulate that the timing of pasture allocation, along with variable 3510 
allocation as used in this study, are both equally important in achieving a consistent 3511 
RU throughout 24 h. Further research is required to determine how variable allocation, 3512 
and timing of feed allocation, can be used together to improve RU in pasture-based 3513 
AMS. 3514 
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8.1 Discussion 3630 
Automatic milking systems (AMS) are a substantial change in the way dairy farming is 3631 
conducted, particularly so in those AMS where grazed pasture is the predominant feed 3632 
source. Although AMS have been operational in Europe for nearly three decades (de 3633 
Koning, 2011), the challenges associated with incorporating AMS into pasture-based 3634 
dairy systems mean that uptake in Australia has been relatively slow. One of the 3635 
challenges faced by pasture-based AMS farmers is the requirement to have cows 3636 
voluntarily trafficking from pasture to the dairy at an even rate throughout 24 h. As 3637 
such, the focus of pasture-based AMS research to date, has been the reduction of 3638 
extended milking intervals (MI) and associated improvements to milking frequency 3639 
(MF). To date, the most significant research is the investigation of three-way grazing 3640 
(3WG), which when compared to offering two allocations of pasture per day, 3641 
substantially increased MF, milk yield (MY) and decreased MI of cows in pasture-3642 
based AMS (Lyons et al., 2013). Efforts have also been made to determine the best 3643 
method of allocating concentrate feeds to improve cow throughput at the dairy (Scott 3644 
et al., 2014a). Despite milking being distributed throughout 24 h in AMS, there is a 3645 
paucity of research on the full robot utilisation (RU) pattern throughout 24 h, nor has 3646 
research directly attempted to manipulate the RU patterns of pasture-based AMS 3647 
farms using feed incentives. The intent of this thesis was to determine novel feeding 3648 
strategies that improve the consistency of RU throughout 24 h. 3649 
A detailed review of the literature (Chapter 2) highlighted the paucity of research on 3650 
RU patterns and the manipulation of RU pattern throughout 24 h. Despite the hundreds 3651 
of papers published on AMS, only 13 papers included discussion on RU patterns and 3652 
these generally concerned research with herds of less than 100 cows. Achieving a 3653 
consistent RU throughout 24 h to maximise the time robots spend harvesting milk is 3654 
Chapter 8 • General Discussion and Conclusion 
Alex J John PhD Thesis • Page 150 
 
the important factor to keep in mind, rather than increasing the daily milk yield and 3655 
milking frequency of individual cows, as is often the focus in current research (Jago 3656 
and Burke, 2010). Aggregating the RU data from the literature highlighted two points. 3657 
First, a decline in RU occurring during the early morning hours, and second, the 3658 
decline in RU was greater for pasture-based AMS compared to indoor AMS. The 3659 
greater RU at night observed in indoor AMS, compared to the pasture-based AMS, 3660 
can be attributed in part to the distribution of feeding throughout 24 h in indoor dairy 3661 
systems (Ketelaar-de Lauwere et al., 1999, Jago et al., 2005). Clearly, there is the 3662 
potential to improve the performance of AMS by eliminating periods of low RU 3663 
throughout the day. 3664 
From the earlier international perspective, a need to quantify the RU patterns achieved 3665 
on commercial Australian pasture-based AMS was the basis for Chapter 3. Australian 3666 
AMS patterns of RU throughout 24 h were unique for each farm, with RU typically 3667 
lower during the early morning hours on all farms. These RU patterns also showed the 3668 
variability in RU throughout the day to be greater than previously shown from the data 3669 
presented from research based AMS farms (Chapter 2), likely due to the variability in 3670 
feeding management and climatic conditions experienced between commercial 3671 
systems. Despite this variability, milking frequency was greater than 2 milkings per 3672 
cow per day across all seasons, compared with earlier research by Lyons et al. (2013) 3673 
(1.78 milkings per cow per day), indicating pasture-based AMS farms have now 3674 
improved their feeding management compared to earlier studies. In Chapter 3, the 3675 
variability in RU associated with changing seasons was revealed, with RU declining 3676 
later in the afternoon and increasing earlier in the morning during summer, compared 3677 
to winter, which was attributed to the seasonal differences in day length, in line with 3678 
the association between day length on feeding activity (Rutter et al., 2002). 3679 
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The study in Chapter 3 also determined pasture management principles utilised in 3680 
Australian AMS farms. The majority of farms used 3WG, as described by Lyons et al. 3681 
(2013) to encourage voluntary cow traffic, whilst one farm used two-way grazing. 3682 
There was little consistency between farms in the quantity of pasture offered, nor in 3683 
the timing of pasture allocations throughout 24 h. Pasture management varied 3684 
between two methods that farmers felt best incentivised voluntary trafficking within 3685 
their AMS, with three farms offering relatively similar quantities of feed in each discrete 3686 
pasture allocation (<5% difference), whilst the remaining four farms varied the quantity 3687 
of feed offered by 15-30% between their smallest and largest pasture allocations. The 3688 
second method of pasture management was termed “variable allocation” and saw the 3689 
high performing farms (Farms 5 and 6) offering their largest pasture allocation during 3690 
the early morning.  3691 
It was hypothesised that varying the quantity of pasture offered throughout 24 h was 3692 
improving voluntary trafficking during the early morning hours on the high performing 3693 
farms. An analysis of a high performing pasture-based AMS herd (Chapter 4) found 3694 
that when cows are organised by milking frequency into three equal quantiles, each 3695 
group had developed their own RU pattern throughout 24 h. The high milking 3696 
frequency group milked first at each pasture allocation, followed by medium and low 3697 
milking frequency groups 2 and 4 h later, respectively. This result mimics the defined 3698 
milking order usually observed in conventional milking systems (Scott et al., 2014b) 3699 
and raises the possibility of strategically feeding a higher quality concentrate to 3700 
compensate for the poorer quality herbage consumed by cows that consistently arrive 3701 
late to a pasture allocation. As herbage quality also declines throughout an allocation, 3702 
it could be the higher quality herbage available at the beginning of the allocation that 3703 
motivates some cows. 3704 
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The nutritional quality of grazed forage varies diurnally, as photosynthates accumulate 3705 
and moisture content decreases throughout the day, and is said to be an influential 3706 
factor in cows’ preference for concentrating their largest grazing event at dusk and 3707 
early evening (Gregorini, 2012). Likewise, water soluble carbohydrate content of 3708 
herbage has been proven to influence cows’ grazing preference when concurrently 3709 
presented with a range of forages (Horadagoda et al., 2009). For this reason, hay 3710 
cubes with a consistent nutritive value were used in the experiments described in 3711 
Chapters 5 and 6, as the diurnal fluctuation of grazed herbage was likely to confound 3712 
previous treatment effects on feeding behaviour. In an outdoor environment, where 3713 
feed quality remained constant throughout 24 h (Chapter 5), cows only consumed 12% 3714 
of their daily dry matter intake between 2400-0600 h, the same time as the low RU 3715 
reported in Chapters 2 and 3. This result is in agreement with the study by Krysl and 3716 
Hess (1993), who found night feeding and intake as a proportion of total daily feeding 3717 
was minimal. Therefore, management practices that can spread the distribution of 3718 
feeding events throughout 24 h in pasture-based AMS, and increase feeding activity 3719 
at night, are likely to have a positive effect on the distribution of RU throughout 24 h.  3720 
Cows are highly adaptable to new environments, having been shown to successfully 3721 
adapt from being milked in a conventional milking system to AMS within 24 h (Jacobs 3722 
and Siegford, 2012) and to changes in feeding regimes, whereby cows were offered 3723 
feed at 4 h and 6 h intervals (Livshin et al., 1995). Chapter 2 highlighted the link 3724 
between cow feeding activity and RU, and the need to increase cow feeding activity 3725 
at night, contrary to their natural behaviour, in order to achieve a consistent and evenly 3726 
distributed RU pattern. There must be consideration of how altering cow feeding 3727 
patterns affects cow dry matter intake and resting behaviour, as improvements to RU 3728 
cannot be at the expense of animal welfare. The total daily resting time and dry matter 3729 
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intake (DMI) were similar for all cows, regardless of feed availability being restricted 3730 
to either 12 h during the day or the night (Chapter 5). Resting and rumination 3731 
behaviours were also measured during the experiment reported in Chapter 6, with no 3732 
effect on total time cows allocated to these behaviours throughout 24 h. The feeding 3733 
results indicates the ability of cows to adapt to extreme changes in feed availability, 3734 
even when they are required to feed only during the night. In this situation, cows 3735 
redistribute resting behaviours throughout 24 h to compensate for their increased 3736 
feeding activity at night. Therefore, feeding behaviour can be manipulated without 3737 
negatively impacting animal welfare. 3738 
Feed availability is clearly the main incentive for cows to voluntarily traffic throughout 3739 
an AMS (Prescott et al., 1998). Ketelaar-de Lauwere et al. (2000) found pre-grazing 3740 
sward height influenced the frequency of cows voluntarily trafficking from pasture back 3741 
to the milking robot, in an indoor grazing system. When higher quantities of 3742 
concentrate have been offered in the milking robot, no improvement in either milking 3743 
frequency or milk yield have been observed (Halachmi et al., 2005, Bach et al., 2007). 3744 
This implies that for effective manipulation of feeding behaviour, the strategy utilised 3745 
needs to involve feed sources remote from the milking robots. Despite these findings, 3746 
temporal variation of feed quantity and quality to manipulate cow feeding activity 3747 
throughout 24 h has not yet been studied in dairy cows. Both these concepts were 3748 
tested initially with non-lactating dairy cows (Chapter 6). Offering a preferred feed 3749 
(higher water-soluble carbohydrate feed) between 2400-0600 h increased DMI by 21% 3750 
during the same period of the day; likewise, variable allocation, where the largest 3751 
quantity of feed was offered between 2400-0600 h increased DMI by 90%. 3752 
Interestingly, combining both a preferred feed and variable allocation provided no 3753 
further increase to DMI, compared to the variable allocation treatment alone. Of the 3754 
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two methods of manipulating feeding behaviour, variable allocation, compared to feed 3755 
quality, had a greater impact on feed intake at night. Variable allocation also presents 3756 
a more desirable option for pasture-based AMS farms, as the quantity of feed offered 3757 
in each pasture allocation can be readily modified without the need to change other 3758 
aspects of the farming operation.  3759 
The application of findings from experiments described in Chapters 6 were then used 3760 
to formulate best-practice feeding strategies to optimise RU on a pasture-based AMS 3761 
and presented in Chapter 7. Two “variable allocation” treatments were formulated 3762 
using 3WG. The DAY treatment offered the largest allocation of pasture during the 3763 
day, following the previously measured natural diurnal feeding pattern observed in 3764 
cows when offered feed ad libitum (Chapter 6). The NIGHT treatment followed the 3765 
same principle as the variable allocation treatment seen in Chapter 6, with the largest 3766 
pasture allocation being offered at night. A third control treatment offered equal 3767 
quantities of pasture in all three feed allocations, which was the feed management 3768 
used by three of the seven farms reported in Chapter 3. Of the three treatments applied 3769 
in the experiment reported in Chapter 7, the NIGHT treatment was expected to either 3770 
reduce or completely eliminate the decline in RU between 2400-0600 h. There were 3771 
two reasons for this, firstly, the NIGHT treatment followed a similar pasture-allocation 3772 
pattern utilised by the high performing farms in Chapter 3 and 4, and secondly, the 3773 
expected increase in DMI between 2400-0600 h, as with the variable allocation 3774 
treatment in Chapter 6, that would increase voluntary trafficking during the early 3775 
morning hours. However, the decline in RU between 2400-0600 h was not eliminated 3776 
by the application of either variable allocation treatment, and unexpectedly, the NIGHT 3777 
treatment recorded the lowest proportion of herd milking between 2400-0600 h. 3778 
Although a consistent RU throughout 24 h was not achieved, the experiment 3779 
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demonstrated how varying the quantity of pasture offered within a discrete pasture 3780 
allocation affects RU for the same period. Adjustments to RU within a pasture 3781 
allocation can be achieved by varying the quantity of pasture offered, with more 3782 
pasture offered resulting in lower RU and vice-versa. 3783 
With the large variation in RU for farms offering a pasture allocation near midnight 3784 
reported in Chapter 2, the timing of allocation was not expected to have a large 3785 
influence on RU at night. Likewise, the study by Dalley et al. (2001) found minimal 3786 
impact on grazing activity at night when a fresh allocation of pasture was offered 3787 
around midnight. However, considering the fresh allocation of pasture offered at 0200 3788 
h on two high performing farms (Farms 5 and 6) in Chapter 3, it can be postulated that 3789 
timing a fresh allocation of pasture close to midnight is more important than initially 3790 
considered. Based on the evidence presented within this thesis, future experiments 3791 
should focus on manipulating the timing of fresh pasture allocations, with a new 3792 
allocation near midnight likely to increase voluntary trafficking of cows. This, in 3793 
combination with variable allocation, will be able to confirm this hypothesis. 3794 
 3795 
8.2 Conclusion 3796 
The aim of this thesis was to provide a comprehensive analysis of RU patterns 3797 
achieved in pasture-based AMS and provide feed management options that help 3798 
optimise RU throughout 24 h. 3799 
The initial chapters of this thesis highlighted the highly variable nature of RU 3800 
throughout 24 h and the greater variation of RU in pasture-based AMS when 3801 
compared to indoor AMS. As variability in RU is less pronounced in indoor AMS, it is 3802 
unsurprising to find that RU throughout 24 h has had less priority in the scientific 3803 
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literature, as the majority of AMS research has involved indoor systems. Pasture-3804 
based AMS farms routinely observe a decline in RU between 2400-0600 h. This 3805 
present study in pasture-based AMS farms indicates that consistent and evenly 3806 
distributed RU can be achieved in pasture-based AMS, along with the potential for 3807 
many farms to improve overall system performance by improving their RU patterns. 3808 
Furthermore, feeding management that distributes the feeding activity of cows more 3809 
evenly throughout 24 h is identified as a critical factor in achieving a consistent RU 3810 
pattern. 3811 
The second part of this thesis investigated the diurnal feeding patterns of cows and 3812 
how they can be manipulated through novel feeding practices that improve RU 3813 
performance in pasture-based AMS. Variable allocation, whereby the quantity of feed 3814 
offered varies throughout 24 h, has been observed enabling commercial pasture-3815 
based AMS farms to achieve high levels of RU throughout 24 h. The use of variable 3816 
allocation in a controlled environment saw a 90% increase in DMI between 2400-0600 3817 
h, compared to a cow’s natural intake pattern. Variable allocation was successfully 3818 
used to manipulate RU within discrete pasture allocations. However, the application 3819 
of variable allocation on a pasture-based AMS farm did not eliminate the decline in RU 3820 
between 2400-0600 h. It is suggested that future research into the timing of allocation, 3821 
in combination with variable allocation, will provide these results.  3822 
The results contained within this thesis provide a thorough examination of RU and are 3823 
unique. Our understanding of automatic milking systems are now at the point where 3824 
their operation within pasture-based systems can be reliably achieved. However, 3825 
further refinement of feeding management used in pasture-based AMS, as contained 3826 
in this thesis, has potential to improve robot utilisation patterns. This thesis provides 3827 
the underlying principles for farmers, advisors and researchers to further develop 3828 
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these feeding strategies. In doing so, farmers considering adopting AMS for their 3829 
pasture-based systems will do so with greater confidence of their ability to optimise 3830 
the performance of their system. 3831 
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Appendix 3895 
The following document formed the basis of the interview conducted with farmers for 3896 
Chapter 3 - Case Study of Commercial Pasture-Based Farms. The interview included 3897 
questions for multiple studies, therefore, only answers from questions relevant to 3898 
Chapter 3 were included. 3899 
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PART A – Farm History 3914 
1 Dairy 
Region 
 
2 Role in 
Business 
Owner Manager Sharefarmer Employee Equity 
Partner 
Other 
3 Age 
Category 
<20 20-29 30-39 40-49 50-59 >60 
4 Business 
Type 
Company Sole Trader Partnership 
5 Number of 
FTE 
 
6 Current 
farm details 
(primary 
AMS only) 
Total Farm Size (ha) Land Owned (ha) Land Leased (ha) 
Area accessed for 
grazing by milkers(ha) 
Number of Cows at 
peak 
Milk Production (total 
kg MS) 
7  How would you best describe your current business strategy? 
Consolidating Expanding Winding Back Other 
8 Farm 
details 5 
years ago 
Total Farm Size (ha) Land Owned (ha) Land Leased (ha) 
Area accessed for 
grazing by milkers(ha) 
Number of Cows Milk Production (total 
kg MS) 
9  How many years since the age of 16 have you been working on a 
dairy farm? 
Overall On this farm 
 3915 
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Part B – Pasture Management 3916 
1 How do you decide which paddock to put the cows in? Rotation strategy? 
 
2 How many feed allocations do you currently use? 
 
What are the gate times? A:                        B:                        C:                     FP: 
3 How much pasture do you currently aim to feed in each allocation? 
 
4 How did you choose what gate change times to use? 
Time 
recommended 
at start-up, 
unchanged 
Modified to 
address cow 
traffic or 
milking 
frequency 
Determined by 
my ideal working 
routine (e.g. fetch 
or feed out time) 
Suggested by 
friend / fellow 
AMS farmer 
Other 
5 
 
How do you determine if your pasture allocation is appropriate?  
Post-grazing 
residual 
How many 
cows need 
fetching 
Milking frequency Milk production Other 
6 Do you use a target pre- and post-grazing residual? How do you measure them? 
 
7 In the past 12 months, have you used a feed pad? How is it used? 
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8 Where is conserved forage fed? Why? 
 
9 What concentrate is fed?  
 Pelleted 
 Grain 
 Grain mix 
 Liquid 
 Pellets & Liquid 
 Other___________________ 
 
Why? 
 Cost 
 Accessibility 
 Infrastructure 
 Haven’t considered anything else 
 Other________________________ 
10 How do you choose your feeding strategy? 
 Blanket feed the group across whole lactation 
 Blanket feed the group but changes  quantity throughout lactation 
 Feed to production levels 
 Strategic feeding based on SOL, CS, BW, pregnancy 
 Other_______________________________________________________ 
 
11 Has your concentrate feeding changed in the last 12 months? Why? 
 
12 In the past 3 months, what time(s) do you fetch cows? 
A:                            B:                            C:                           F/P: 
13 Why do you fetch at these times? 
 To avoid long MI 
 To coincide with other farm activities 
 To avoid doing outside of inconvenient working hours 
 It was the time recommended to you 
 To suit the gate change times 
 Other________________ 
______________________________________ 
14 In the last month, how many breaks have you needed to fetch cows from? 
 No Breaks 
 Generally from just 1 break 
 Generally from 2 breaks 
 Generally from 3 breaks 
 Other______________________________________________________ 
In the last month, how often have you had to fetch cows per week? 
Block A 
 Never 
 1-2 days 
 3-4 days 
 5+ days 
Block B 
 Never 
 1-2 days 
 3-4 days 
 5+ days 
Block C 
 Never 
 1-2 days 
 3-4 days 
 5+ days 
Other________ 
 Never 
 1-2 days 
 3-4 days 
 5+ days 
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From those breaks, how many cows have required fetching? 
Block A 
 1-4 
 5-10 
 11-20 
 20-40 
 40-80 
 80+ 
Block B 
 1-4 
 5-10 
 11-20 
 20-40 
 40-80 
 80+ 
Block C 
 1-4 
 5-10 
 11-20 
 20-40 
 40-80 
 80+ 
Other__________ 
 1-4 
 5-10 
 11-20 
 20-40 
 40-80 
 80+ 
15 If there a difference in the frequency/no. cow you have to fetch from each block, 
why do you think this is? 
 
 
16 Do you observe cows moving in distinct social groups and if so how big are the 
groups? 
 No Groups  1-2  3-6   7-10   11-15   16-25   25+  
17 Do you observe a regular build-up of cows waiting around the dairy at certain 
times? 
 
18 Do you have any other comments about cow traffic behaviour you have observed?  
 
19 In the past 12 months, what minimum milking interval have you used? Does this 
vary for different groups of cows? Why? 
 
20 What are the furthest distances to each block? 
Block A  
Closest Paddock:  
Furthest Paddock: 
Block B 
Closest Paddock:  
Furthest Paddock: 
Block C  
Closest Paddock:  
Furthest Paddock: 
Other:___________ 
Closest Paddock:  
Furthest Paddock: 
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21 Where are your water troughs placed? Does this change? Why? 
 
22 What cow breeds have you had in the past 12 months? What proportion of each 
in the herd? 
 
23 What breeds do you A.I. for? Why? 
 
24 What traits do you focus on when you A.I.? 
 
25 What ABVs would you like cows to be scored for AMS? 
 
26 If you could get the same milk production from all breeds, which would you like to 
test in an automatic milking system and why? 
 
27 What are the predominant pasture species on your farm? 
 
28 How long do your pastures persist for? 
 
29 What percentage of your pasture do you renovate each year? 
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30 What is the per cow milk production (kg MS) you would like to achieve and what 
are the major challenges with achieving this target milk production on your farm? 
 
31 Thinking about your dairy, milking units etc., is there anything you would change 
and why? 
 
32 Now thinking about your feed system (pasture, grain, PMR etc.), is there anything 
you would change and why? 
 
33 In the past 12 months have you incorporated fodder crops in your rotation? Why 
do you use them?  
 
34 How do you fit fodder crops into the daily ration? Where are they grown relative 
to the dairy? 
 
35 Do you have any further comments you would like to add that we haven’t covered? 
 
 3917 
 3918 
 3919 
 3920 
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Part C - Dairy and Animal Health 3921 
1 Robots  1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 AMR 
 Other_______ 
2 Brand  DeLaval  Lely  Insentec  Fullwood  ______ 
3 Do you use a VIP/priority laneway or milking unit? Which cows do you use it for? 
 
4 Do you have out of parlour feeders? Why/why not? 
 
5 Do you use a backing gate in the pre-milking yard? 
 
6 Do you have cows that constantly stay in the pre-milking yard for extended 
periods? What have you done to address this issue? 
 
7 How do you manage short and long milking interval cows? 
 
8 If you previously milked this herd with CMS, which cows performed better, and 
which cows performed poorer when moved to an AMS? 
 
9 In terms of weather (wind, rain, heat, cold etc), when do you observe cows to not 
move? 
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10 Do you use cooling in the pre-milking waiting yard? 
 None 
 Roof 
 Shade Cloth 
 Sprinklers 
 Fans 
 Drinking Water 
 Other 
______________ 
11 Do you use cooling on the feed pad? 
  None 
 Roof 
 Shade Cloth 
 Sprinklers 
 Fans 
 Drinking Water 
 Other 
______________ 
12 Do you use cooling in the paddock? 
  None 
 Trees/Wind 
break 
 Shade Cloth 
 Sprinklers 
 Fans 
 Drinking Water 
 Other 
______________ 
13 Do you do anything else to manage cow stress due to temperature? 
 
14 Do you/how would you use climate data? What would they change in terms of cow 
management if they had access to such data? 
 
15 What more could we help you with? What research would you like to see happen? 
 
 3922 
